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SUMMARY

The alkaline serine proteases (subtilisins) secreted by the
Bacillus spp. can be categorized into two groups on the basis
of immunological cross-reactions. A gene coding for the Carls-
berg type was cloned from B. licheniformis (III), and one for
the BPN'/NOVO type, from B. subtilis (IV).

The subtilisin BPN' gene was partially characterized . The se-
quence and expression data obtained correspond well with those
observed by others. In vitro substitution of part of the coding
sequence with the gene encoding chloramphenicol transacetylase
was followed by targeted integration into the Bacillus chromo-
some (IV.6). This resulted in a mutant strain having only c.
30% exoproteolytic activity compared with wild-type, due speci-
fically to decreased serine protease secretion. Immunological-
ly, and by gel electrophoresis, no subtilisin could be detec-
ted. It was shown that the deletion was readily transferred to
closely related strains by selection for chloramphenicol resis-
tance. In combination with other mutations, the subtilisin de-
letion could form the basis for a better Bacillus host for the
synthesis of foreign proteins.

The subtilisin Carlsberg gene was cloned and characterized. The
sequence data obtained (II.6) .allowed, for the first time, a
comparison of the entire precursor coding sequence with those
available for enzymes of the BPN' type (Appendix 1). Overpro-
duction of the gene product in B, subtilis was achieved, both
from the endogenous promoter (III.7.5), and from two heterolo—
gous promoters (III.7.2.2). It was demonstrated by various
techniques that the extra exoprotease production was due spe-
cifically to synthesis of the Carlsberg enzyme. Results with
the heterologous promoters pointed to a significant delay be-
fore the appearance of subtilisin in the medium, probably due
to post-transcriptional factors (III.7.3). Using mRNA extracted
from B, licheniformis, the transcriptional terminator was lo-
cated precisely (III.8.3). Transcripticnal initiation site de-
termination was attempted by two different procedures. Two
sites were approximated by the S1 mapping technique (III1.8.2).
In contrast, cDNA synthesis and sequencing pointed to a single
start site (Appendix 3). The relation of these sites to iden-
tifiable elements in the sequences up- and downstream from the
gene is discussed.

The Carlsberg gene was cloned only with difficulty, unlike the
homologous gene for subtilisin BPN'. Possible reasons for this,
and alternative cloning strategies, are discussed (III.9; V).



Chapter I: INTRODUCTION

I.1 General Aspects

The cloning of subtilisin genes was undertaken because of
the many fields of interest that would be open to explor-
ation once the genes were to hand. The topics discussed in
this Introduction give some idea of the range of different
aspects of physiological , biochemical and biotechnological
interest that a study of the subtilisin gene offers.

Quite apart from the potential to exploit the genes for pur-
poses of enzyme production or the synthesis of foreign pro-
ducts, elucidation of the complex regulation of the subtili-
sin genes will continue to fascinate molecular biologists

for some time to come.

1 stri A a
The genus Bacillus, which comprises a heterocgenous group of
Gram-positive, aerobic, spore forming, soil organisms, have
been widely used in the biotechnology industry. Almost all
species secrete a wide variety of antibiotics and hydrolytic
enzymés. The latter have properties that reflect the natural
habitats, which include some environments characterized by

extremes of pH and temperature.

In addition there are other aspects which have made the ba-
cilli attractive to use in the large scale demanded by ind-
ustry: most species are non-pathogenic for man and animals,
the genetics of Bacillus subtilis 168 have been intensively
studied and are fairly well understood, and the organisms
are relatively easy to cultivate on simple substrates.

A comprehensive review of the extracellular enzymes produced
by Bacillus spp. has been made (Priest, 1977), and the com-
mercial applications of exoenzymes have also been discussed
in detail (Fogarty et al, 1974a&b; Debabov, 1982). The insec-
ticidal delta endotoxins produced by B. thuringiensis have



differential specificities for various genera, and may well
find wider commercial application in the future (Haider et
al, 1986; Herrnstadt et al, 1986).

The brewing and detergent industries in particular have cre-
ated an enormous market for the proteases and amylases of
Bacillus spp. Until recently micro-organisms for industrial
application have been selected by the methods of classical
microbiology viz. screening of natural isolates for desired
properties, followed by extensive mutagenesis to increase

yields to cost-effective levels.

1.2 ] ] ; . 1 Industrial Mi biol
Recent advances in molecular genetics have provided more
sophisticated routes to produce an enzyme with useful pro-
perties in high yield. A few of the new possibilities are
listed below.

1) Cloning of structural genes and regulatory loci offers a

means of improving yield by raising gene copy number, though
possibly not to the levels above those obtainable by a rigo-
rous traditional programme of mutagenesis and selection.

2) The properties of an enzyme may be changed by several
routes apart from chemical modification (which was reviewed
recently by'Kaiser et al, 1985). Given the 3-dimensional
structure of an enzyme, the technique of site-specific muta-
genesis can be applied to selected regions of the correspon-
ding cloned gene and cspecific codons altered ("Protein Engi-
neering"). It has already been demonstrated that the cataly-
tic characteristics of an enzyme can be improved in this way
(Wilkinson et al, 1984).

The technique has also been applied to a subtilisin, one of a
class of alkaline serine proteases secreted by most Bacillus
spp. Among the subtilisins, the Carlsberg type has for some
years been the enzyme produced in larger amounts than any



other worldwide (Aunstrup et al, 1979). Methionine-222, which
is responsible for the enzyme activity's susceptibility to
oxidation (Stauffer & Etson, 1969), was replaced with cysteine
by site-specific mutagenesis to produce a more resistant and
industrially useful enzyme (Estell et al, 1985). Other changes
have resulted in modified subtilisin enzymes with increased
specific activity ie. Kh/kcat (Wells, personal communication).

3) Genes for related enzymes may be combined in vivo by in-
tramolecular combination on a plasmid (Michel et al, 1982),
or in vitro to yield chimeric enzymes having a combination
of the properties of the parental gene products and possibly
altered substrate specificity. By application of the in_vivo
route in E._coli, workers at Genentech have derived c-amyla-
ses having specific activity and thermostability intermedi-
ate between the 2 parental enzymes,which had either a high
activity (ex B. licheniformis) or good thermostability (ex
B. stearothermophilus) (Gray et al, 1986). This approach has

also been applied to the subtilisins. Such recombination has
the advantage over site-specific mutagenesis in that no de-
tailed knowledge of the 3D structure is required, and hybrids
can rapidly be generated. The screening of the properties of
the hybrid enzymes is however very labour-intensive,

4) The ability of the bacilli to secrete large amounts of
products into the medium, from which they can readily be reco-
vered, has made them apparently attractive hosts for the ex-
pression of heterologous genes. So-called expression-secretion
vectors, where endogenous signals for transcription, transla-
tion and export of the protein product are fused to the hete-
rologous gene have been developed - both as episomes and as
chromosomally integrated systems and are discussed below in

section I.10.



I.1.3 The Process of Sporulation in the Bacilli

In response to nutrient deprivation, the bacilli enter a
developmental program that culminates in the formation of
an endespore. The vegetative cells cease normal cell divi-
sion, and partition into the sporangium and forespore. This
matures and is ultimately liberated by lysis from the mo-
ther cell as a heat-resistant spore. The sporulatioh pro-
cess has been the subject of intensive investigation and
has served as a primitive model for cell differentiation

and regulated expression.

An electron microscopic study of the process in B. subtilis
identified 6 cytological stages (Ryter, 1965) and was fol-
lowed by an investigation of mutants, which can be isolated
with a blockage at all of the stages described (Ryter et al,
1966).

The morphological changes observed are the result of exten-
sive alterations in the biochemistry of the organism, and
some of these events have been correlated temporally with
the various stages in the development of the spore (Warren,
1968).

At least 30 loci affecting sporulation have been identified
and mapped (Hoch, 1976; Piggot & Coote, 1976). For the
purposes of the discussion that follows below of transcrip-
tional regulation in B. subtilis, of proteases produced by
the Bacillus spp., and the regulation and physiological
role of the exoprotease subtilisin in particular, the spo0
genes are the most relevant. Spo0O mutants are arrested at
stage 0, the earliest stage in endospore development: they
fail to accumulate chromosomal material at one pole of the
cell and do not form a septum i.e. they do not display any
of the morphological changes associated with spore formation.
A failure to secrete serine protease at the end of exponen-
tial growth is a genetic marker for spo0 mutants (Pigott &
Coote, 1976).



I1.2: Diversit f Proteases Produced by Bacillus s

I.2.1 Characterization and Relationship to Sporulation.
After the end of exponential growth, B.subtilis and related
species secrete several enzymes as a result of de novo syn-
thesis, including proteases, RNAases and amylases (Coleman,
1967).

A temporal relationship was established early on between the
maximal rate of exoprotease production and the onset of spo-
rulation for B. licheniformis (Bernlohr, 1964), B. subtilis
(Coleman, 1967), and B, cereus (Levinsohn & Aronson, 1967).

Even though several reports in the 1950s indicated that at
least 2 proteolytic activities were present in the medium,
many later studies assumed that a single protease was secre-
ted (eg. Coleman 1967). However, first one (Rappaport et al,
1965), then 2 different serine protease activities were de-
fined in the B, _subtilis culture medium, one having also ap-
preciable esterase activity (Boyer & Carlton, 1968). A neu-
tral zinc-requiring enzyme had also been described (McConn
et al, 1964) and it was later established that all three
activities are typically found in culture supernatants of
some Bacillus spp.(Prestidge et al, 1971; Millet, 1970 ; Hall
et al, 1966), albeit with some species differences. B.liche-
niformis for example, produces little neutral protease; B,
cereus produces levels of serine protease so low they have
escaped detection in some studies (cf. Sadoff et al, 1970;
Millet, 1969).

Mandlestam suggested criteria for categorizing the biochem-
ical events leading to spore formation (Dancer & Mandlestanm,
1975b): (1) the main primary *"dependent" events, (2) side-
effects triggered by events in the primary sequence and (3)
changes in vegetative functions that occur due to changes in
cultural conditions to which the cells are exposed when spo-
rulation is induced. These latter changes are not involved



in the sporulation process.

With these criteria the relatedness of exoenzyme production
to sporulation can be formulated as: whether exoenzymes are
necessary for sporulation to occur, or whether certain steps
of the sporulation sequence are necessary for triggering

exoenzyme synthesis.,

In many studies on sporulation-defective mutants , both ex-
tracellular amylase and protease production have been mea-
sured, as secretion of these is often affected simultane-
ously. It was soon apparent that the aone guestions can be
answered in the negative for amylase: some gspo0Q mutants have
normal a-amylase production, but do not secrete protease,
and amvE mutants sporulate normally (Schaeffer, 1969). When
grown on starch, B, subtilis produces amylase throughout
vegetative growth and not just post-exponentially (Welker &
Campbell, 1967b ), Thymidine starvation, which inhibits sporu-
lation, inhibits exoprotease production as well as RNAase,
but leaves alpha-amylase synthesis unaffected (Dancer & Man-
delstam, 1975b). Amylase falls thus into Mandelstam's 3rd
category.

The situation has however been far from clear-cut for the
exoproteases, especially the serine protease.

The study of early-blocked sporulation mutants, defective in
many characters including exoenzyme production, suggested
that exoprotease production is an obligatory step in the spo-
rulation process (Ballassa, 1969; Mandelstam & Waites, 1968;
Michel & Millet, 1970).

For many years, all mutants isolated with impaired serine
pProtease activity were also defective in sporulation (Dan-
cer & Mandelstam, 1975b) although not all Spo  mutants

are Prt . Reversion to the Spo+ phenotype was accom-
panied by the ability to produce exoprotease (Schaeffer,



1969), and, as mentioned above, loss of this ability serves as

a genetic marker for gpo0 mutations (Piggot & Coote, 1976).

Below, the various proteases that have been characterized
in the bacilli are described individually. A recent review
of this kind is not available elsewhere. An appreciation of
the multiplicity of proteolytic activities in Bacillus is
required for an evaluation of I.10.3.4.,(where the use of
Bacillus as a host for heterologous gene expression is dis-
cussed ), as well as my own work presented in Chapter IV.

It has recently been estab}ished unequivocally that neither
of the major exoproteases is essential for sporulation.

The numerous earlier investigations addressing the question
of a "dependent" role for the proteases is thus reevaluated
critically. The relevant data for each individual exo- and
intracellular protease are summarized under separate head-
ings (I.2.2.4,-7,-9, I.2.3.3).

The accumulated data illustrate the complexity of post-ex-
ponential protease expression in Bacillus, and the diffi-
culties in assigning roles to individual activities before
the relevant cloned genes are to hand.

As pointed out by Priest (1977) and others, any attempt to
correlate studies on Bacillus proteases must contend with
the confusion in the literature attributable to several
causes, not least the misclassification of strains. The use
of different media and individual assays by the various wor-
kers in the field also makes correlation more difficult.

I1.2.2  Extracellular Proteases
1.2.2.1 Alkaline Serine Proteases / APR (Subtilisins):

One of the first proteinases to be isolated in pure form



from the Bacillus spp. was subtilisin Carlsberg, produced
by what was erroneously classified as an asporogenous B,
subtilis strain (Guntelberg, 1956; Guntelberg & Ottesen,
1956). It was characterized as having a pH optimum in the
alkaline range and was inhibited by DFP.

It subsequently became clear that protease of this type is
produced by both B. licheniformis and B, pumilus strains
but not by B, subtilis spp. (Keay & Moser, 1969%), after the
end of exponential growth (Bernlohr, 1964). Closely related
proteases, (subtilisins BPN', NOVO and subtilisin Amylosac-
chariticus) that can, however, be distinguished from the
Carlsberg-type enzyme both immunologically and by virtue of
having one extra amino acid residue (making a total of 275),
are secreted by B, amyloliguefaciens and B, subtilis spp.
The frequently used strain B. subtilis NRRLB 3411, which
produces a BPN' type enzyme (Keay and Moser, 1969) is most
probably a strain of B. amvloliguefaciens (Vasantha et al,
1984). The amino acid sequences of several of the enzymes
mentioned above were determined by Smith and coworkers:
subtilisin Carlsberg (Smith, et al 1968); subtilisin BPN'
(Markland & Smith, 1967), subtilisin NOVO (Olaitan et al,
1968) (The latter is identical to BPN' both being secreted
by B. amvloliquefaciens spp.(Welker and Campbell,1967a’b), and
the names merely reflecting different commercial sources);
and subtilisin Amylosacchariticus (Kurihara et al, 1972)
which is secreted by a variety of B, subtilis.

More recently the primary amino acid sequence of subtilisin
DY, which is very similar to subtilisin Carlsberg was pub-
lished (Nedkov et al, 1985), as well as that of "alkaline
mesentericopeptidase", which is secreted by a B. mesente-
ricus strain, and shows striking homology especially to
subtilisin amylosacchariticus (Svendsen et al, 1986). A
thermostable alkaline proteinase "thermitase" made by Ther-
moactinomyces vulgaris has also been sequenced and this

cysteine-protease has undoubted homology to the subtilisins



(Meloun et al, 1985).

W . 3-Dj . 1 F in s
Genes coding for a number of subtilisins from reliably
classified strains have been cloned: B. amyvloliquefaciens:
Wells et al, 1983; Vasantha et al, 1984; B, subtilis: Stahl
and Ferrari, 1984; wWong et al, 1984; B, licheniformis: Jacobs
et al, 1985. The aprE gene has been mapped and lies between
galyB and metD ("sprE" Henner & Hoch, 1980; Stahl & Ferrari,
1984). In Figure 1 the amino acid sequence determined from
purified enzymes and those deduced from the coding sequences
of cloned genes are compared. From Figure 1 the relationships
between the sequences are obvious and the provenance of the
various subtilisin types is at last unambiguous.

Cloning revealed that the primary translation products of
subtilisin genes have an N-terminal extension comprising a
*signal sequence" and a zymogen pro-reéion, which are dis-
cussed in more detail in sections I.8.2 and I.9.1.

The crystal structure of subtilisin BPN' was determined by
Wright et al (1969) and that of subtilisin NOVO by Drenth et
al (1972). With one exception, the 84 residues of the total
275 present in BPN' that differ in subtilisin Carlsberg, oc-
cur on the molecule's exterior. Based on this fact, the 3-
dimensional structure of subtilisin Carlsberg was assumed to
be the same as that of BPN'. This was only recently demon-
strated to in fact be the case (McPhalen et al, 1985a; Bode
et al, 1986). The latest study revealed a Ca2+
in the Leu75-Thr79 loop, which is liganded to several nearby

ion with-

AAs. Similarly, two Ca2+ ions have been placed in the

BPN' structure, where the second is liganded to Glu195, Asp-
197 and Tyr171 (Genex, personal communication).The crystal
structure of BPN' complexed to specific inhibitors has also
been determined (Mitsui et al,v1977; McPhalen et al, 1985h).
Within the primary segquence there are a number of repetitions,
suggesting evolution from a subunit (Smith et al, 1968), but
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this was not supported by an analysis of the coding sequence
(Jacobs et al, 1985).

Comparisons of protein structure, physiochemical character-
istics, substrate specificities and active site studies of
the subtilisins have been made (Ottesen & Svendsen, 1970;

Markland and Smith, 1971). The chemical modification of the
subtilisins and’ resulting effects on substrate binding have

also been reviewed (Svendsen, 1976).

1.2.2.3 Active Site Studies .
The involvement of Serine-221 in the active site of subti-

lisin was first suggested by the observation that the en-
zyme is inactivated by DFP. The active serine was identi-
fied after partial acid hydrolysis cof subtilisin NOVO and
32P-DIP—labelled peptide (Sanger & Shaw,
1960), and is located in a stretch of highly conserved re-

isolation of the

sidues (See Figure 1). As one would expect, PMSF alsa in-

' hibits the enzyme strongly by reaction with Ser221 (Otte-
sen & Svendsen, 1970). Histidine-64 has similarly been
shown to be involved at the active site by covalent attach-
ment to a labelled inhibitor benzyloxy-carbonyl-phenylala-
nine bromomethyl ketone (2PBK) (Markland et al, 1968).

A catalytic triad that is now known as the "charge relay
system" has been found in all serine proteases investigated
to date, including the bacterial subtilisins and the mamma-
lian pancreatic and plasma proteases (Fersht, 1985). Apart
from the Ser221 and His64 mentioned above, Asp32 has been
implicated by analogy with the pancreatic enzymes (Blow et
al, 1969). These three residues lie in a steric arrangement
in the 3-D crystal structure consistent with the proposed
catalytic mechanism, with their side groups within hydrogen-
bonding distance of one another (Ser and His, His and Asp
resp.), as demanded by the charge relay hypothesis. Modifi-
cation of the AAs involved in the catalytic triad by site-
specific mutagenesis leads to inactive gene products that



cannot be exported from the cell (Powers et al,1986).

olati : : lati

Cloning of the genes for the subtilisins was a priority for
many groups for several reasons, primarily (1) the possibi-
lity of altering the enzyme non-randomly both for mechanistic
studies and for commercial reasons (Thomas et al, 1985 ; Wells
& Powers, 1986; Newswatch of 18/11/85, 6/1/86, Fox, 1985) and
(2) a cloned gene offered the possibility of resolving unambi-
guously whether or not the serine protease is of consequence
in the sporulation process, which had been the subject of con-
troversy for many years.

Despite the existence of species of spore-formers which do not
seem to secrete a serine protease, such as B, megaterium
(Millet & Aubert, 1969), and which secrete very little if any
exoprotease at all, such as B, brevis (Kurotsu et al, 1982),
several lines of investigation helped to perpetuate the be-
lief in subtilisin's indispensible role in sporulation.These
were (a) ambiguous evidence from the pleiotropic sporulation
mutants mentioned above, (b) in vivo serine protease inhibi-
tor studies described in I.2.3.3.1 (Dancer & Mandelstam,
1975a), and (c) ts mutants inadequately characterized as re-
gards reversion and complementation (Leighton et al, 1973).

As early as 1972, a structural gene mutation had been ob-
tained for subtilisin, but was not mapped. Shoer and Rappa-
port (1972) isolated a B, subtilis WI mutant with reduced
extracellular proteolytic activity that sporulated normally. A
mutant protein smaller than wild-type subtilisin was pro-
duced. Labelling of the mutant protein with 32P-DFP indica-
ted that only 1 in 53 molecules was active, suggesting ei-
ther a low level of suppression of a chain-terminating mu-
tation, or else contamination by another proteinase.

Mandelstam & Waites (1968) described a B, subtilis mutant
E22 which failed to secrete extracellular protease. This



strain did not show the rapid intracellular protein turn-
over that proceeds sporulation in wild-type cells, and it
did not sporulate. They concluded that these phenomena were
attributable to loss of the serine exoprotease. Leighton et
al (1973) concluded similarly that the temperature sensi-
tive serine protease secreted by mutant ts-5 was responsible
for the blockage showed by the strain at stage O in sporu-
lation when grown at the nonpermissive temperature. Another
mutant, ts19, was studied by Millet, and had a phenotype si-
milar to ts-5. At the permissive temperature, sporulation
could proceed, but the serine protease was more thermolabile
than wt. Reversion and transformation experiments succeeded
in separating 2 independent ts mutations: Spo+ transformants,
which nonetheless retain the impaired exoprotease, were ob-
tained (Millet et al, 1976). Indeed, mapping of the cloned
subtilisin gene has subsequently shown it to lie at a posi-
tion quite distinct from the ts-5 allele. Doi has suggested
that this mutation need not necessarily also comprise 2 in-
dependent lesions, but may encode a product that renders
subtilisin more thermolabile (Wong et al, 1984). Both Man-
delstam's and Leighton's groups were persuaded that the
protease acted on the B-subunit of RNA polymerase in modi-
fying the vegetative form to the "sporulation-specific"

such a modification had been reported (Losick et al, 1970).
It had also been achieved jn _vitro using purified intracel-
lular serine protease, but not with serine exoprotease (Mil-
let et al, 1972). Modification of the gf-subunit was how-
ever later shown to be an artefact of isolation (Linn et

al, 1973).

The controversy was finally resolved by the use of the clo-
ned subtilisin structural gene to generate a mutant in which
the wild-type allele has been replaced with a gene having an
in vitro-derived deletion of 684 bp in the coding sequence,.
This strain, BG2019, sporulates as well as the wild-type does
(Stahl & Ferrari, 1984). Kawamura & Doi (1984) have obtained
similar results with a smaller deletion. It can thus be con-



cluded that subtilisin has but a "scavenger® function, i.e.
generates usable nutrients from macromolecules in the envi-
ronment when more accessible nutrients have been depleted.

> 2.5 3 1] f . ¢} . . 3
D .

Metal-chelator (eg EDTA, O-phenanthroline) -sensitive pro-

teinases active at neutral pH are widely distributed in mi-

cro-organisms, including the bacilli (Morihara, 1974). They

.

are not inhibited by -SH agents.

The metalloproteases are not as widely used industrially as
are the serine proteases. The enzyme obtained from B,amylo-
liguefaciens is the most widely used, and commercial prepa-
rations enriched for the neutral protease are obtained by
adjustment of fermentation medium and conditions, and also
by mutation of the host to reduce serine protease formation.

Some Bacillus species secrete only the metalloprotease
eg.B.megaterium (Millet et al, 1969), B. polymyxa, B.thermo-

proteolvticus (Keay & Wildi, 1970) and B, thuringiensis (Li
& Yousten, 1976). :

First crystallized from B. amvloliquefaciens in 1951 (Fuko-
moto & Negoro, 1951), the enzyme was further characterized
by Tsuru and coworkers (McConn et al, 1964).

The neutral enzyme has also been isolated from B. subtilis
var. amylosacchariticus (Taru et al, 19%62 & b), "B, megaterium
("megapeptidase", Millet & Aubert, 1969) B._ thuringiensis

(Li & Yousten, 1976) and B. thermopnroteolyticus ("thermo-
lysin*, Endo, 1962; Matsubara, 1970).

The enzymes from these various sources have many common pro-
perties. The thermolysin is, however, distinguished by its
exceptional heat-stability (retains 90% activity after 30
mins. at 70°C, and 50% after incubation at 80°C for an hour).



The other neutral proteases exhibit poor stability with re-
spect to heat, purification and freeze-thawing.

2+

1 g-atom 2Zn“’ is present per 38~-42 kd molecular weight, and

is essential for activity, while ca®’ is required for struc-

tural stability and prevents autolysis.

The enzymes display limited activity on small peptide sub-
strates, and have no amidase or esterolytic activity, un-
like the subtilisins. Hydrophobic or bulky amino acid resi-
dues are preferred as the amino acid N-terminal to the pep-
tide bond to be cleaved (Matsubara & Feder, 1971; Morihara,
1874).

The "megapeptidase” is produced throughout exponential growth
in minimal medium; catabolite repression in complex medium

jeads to secretion only during sporulation (Millet et al,1969)

on the basis of immunological studies, amino acid composi-
tion, comparative 'stability, and activity on large substra-

tes, it was concluded that the commercially available NPRs

of B. subtilis NRRLB3411 (probably a B. amyloliquefaciens

strain) and B. subtilis var. amylosacchariticus were indis-

tinguishable, but were different from thermolysin. Megapep-

tidase was immunologically related to thermolysin (Keay
. )
Keay & Wildi, 1970).

1969;

1,.2.2.6 npr Gene

Two ts mutants were isolated where the substrate specifici-
ty and pH-optima of the altered enzymes were different from
wild-type, suggesting a mutation in the structural gene nprE

This was mapped to a position between pyrA and metC (Uehara
et al, 1979).

There is a tightly linked regulatory locus nprR1. The R3

allele, isolated first in the Japanese strain B, natto, cau
e R ! -
ses specific overproduction of neutral protease (Uehara et



al,1974). NPR production is also regulated by loci which al-
so affect other enzymes eg hpxr (Prestidge et al, 1971;.Hig-
erd et al,1972), sco and cathA (Dod & Balassa, 1978), pap-9,
sacU, amyB (Steinmetz et al, 1976; Yoneda & Maruo, 1975).
Recently the neutral protease genes of B, subtilis (Yang et
al, 1984), B. amyloliquefaciens (Vasantha et al, 1984),

and the gene encoding the thermostable NPR of B.stearother-
mophilus (Fujii et al, 1983) have been cloned. Sequencing and
in vitro transcription-translation (B. subtilis and amyloli-
guefaciens genes) show that, as is the case with alkaline pro-
tease, NPR is synthesized in a large pre-pro-form. The prima-

ry translation product includes a typical N-terminal "signal
peptide® of 27-28 AAs, followed by a pro-region of approxi-
mately 194 AAS, which is also procéssed and does not form
part of the extracellular enzyme of 300 AA residues. Both the
precursor and the mature enzyme migrate anomalously on SDS
gels: (viz. precursor deduced Mr: 55,000, apparent Mr: 67,000,
mature deduced Mr: 33,000, apparent Mr: 45,000) (Yang et al,
1984). Perfect identity of the deduced AA sequence from B.amy-
loligquefaciens (Vasantha et al, 1984) and the 39 N-terminal
AAs sequenced from the NPR of B, subtilis NRRLB3411 (Levy

et al, 1975) makes it likely that the latter strain has been
misclassified, as has been mentioned (I.2.2.1). This would
account also for the fact that the B, subtilis AA sequence
deduced from the gene matches the same published AA sequence
rather less well (Yang et al, 1984). The sequence of the npr
genes of B, subtilis and B. amvloliquefaciens show a high de-
gree of homology in the coding area but not in the immediate-
ly adjacent upstream regions.

I,2.2.7 Relationship of NPR to Sporulation

Early-blocked pleiotropic sporulation mutants fail to se-
crete NPR (Piggot & Coote, 1976). However, mutants deficient
in NPR, but able to sporulate normally were obtained for B,
subtilis (Hageman and Carlton, 1973; Michel & Millet, 1970;
Mandelstam and Waites, 1968), B. cereus (Aronson et al, 1971)
and B. megaterium (Millet & Aubert, 1969; Millet et al, 1969).



Ferrari and coworkers (Yang et al, 1984) have‘used the clo-
ned genes -to create a double chromosomal deletion mutant
BG2054 lacking both APR and NPR. There was no detectable ef-
effect on growth, morphology or sporulation, thus reconfirm-
ing unambiguously that NPR is of no relevance to the sporu-
lation process and calling into question the conclusions of
other workers (Joclliffe et al, 1980) on the relationship of
extracellular protease and cell morphology (Yang et al, 1984).
With a combination of the uncharacterized lesion nprE18 and
an apr deletion mutant Doi could similarly not detect any
compromise of the cell's ability to sporulate (Kawamura &
Doi, 1984).

The physiclogical role of the extracellular neutral and al-
kaline proteases is probably to function only as scavengers.

1.2.2.8 Esterase/Bacillopeptidase F:

Characterization and Diversity
The enzyme was first identified by Boyer & Carlton (1968),
who called it "acidic protease". It was also characterized
by Millet (Millet, 1970; Mamas & Millet, 1975) as "enzyme
II", Spizizen (Prestidge et al, 1971) as "enzyme C", and

Hageman and Carlton (1973) as "bacillopeptidase F".

Several authors mention that the enzyme is seen in at least
2 forms, (one apparently an aggregate) by electrophoretic or
column separation. The enzyme is inhibited by PMSF, and
exhibits low activity on large protein substrates relative
to the alkaline serine protease, accounting for c.20% of
serine proteolytic activity (Boyer & Carlton, 1968). It
hydrolyses some synthetic esters not hydrolysed by either
the neutral wmetalloprotease or subtilisin, eg.benzoylargi-
nine-, and benzoyltyrosine ethyl esters.

Data on the heat stability and pH optima relative to subti-
lisin of this enzyme conflict somewhat (cf. Boyer and Carl-



ton, Prestidge et al).

The evidence for an intracellular location of active bacil-
lopeptidase F should be viewed with caution. While Prestidge
& coworkers (1971) were able”"to measure extracellular pro-
tease using synthetic substrates shown to be almost specific
for the different enzymes viz. TAME, FAGLA and BAEE for sub-
tilisin, the neutral metalloprotease and the esterase resp.,
intracellular proteolysis could not be similarly ascertained
because the assays rely on absorption measurements in the UV
region. Thus p-nitro-phenylacetate, which is not a substrate
for NPR or APR, was used to estimate the esterase intracellu-
larly. But other esterases could of course have contributed
to the activity measured in this study.

In an immunological stud&Hageman and Carlton (_1973) observed
crossreaction of anti-baéillopeptidase F with cell extracts
of wild-type B. subtilis 168 and with a mutant L4, which diad
not produce detectable extracellular NPR and secretes a low
level of APR. This was not achieved with extracts of sporu-
lation mutant $-87, which produces only a very low level of
NPR extracellularly. In zymograms of the wild-type extract,
a band of activity corresponding in position to mature neu-
tral protease was seen (but with hindsight this is surely
due to contamination: neutral protease is synthesized as a
much larger prepro- zymogen)., No zymogram band corresponding
to authentic bacillopeptidase F was present in either wt or
the L4 strain, which was puzzling at the time, since cross-
hybridization had been achieved. A band of active protease
not co-electrophoresing with either subtilisin, neutral pro-
tease or bacillopeptidase F markers was common to the wild-
type and L4, but missing from the low protease secreting
sporulation mutant S-87. This band was interpreted as beiny
either a modified bacillopeptidase F (though with hindsight
such a precursor is unlikely to display much protease acti-
vity) or else a hitherto uncharacterized intracellular pro-
tease, which is required for sporulation: the latter inter-



pretation has been favoured in the literature (Hageman and
Carlton, 1973). It was, however, not ascertained directly
whether ‘'or not the band of activity common to 168 and L-4
also contained the immunoreactive material. Subsegquent ac-
counts make it likely that ISP-I was the enzyme involved in
this study (see 1.2.3.2 ).

Recently, bacillopeptidase F has been isolated under impro-
ved conditions (Roitsch & Hageman, 1983). It was shown that
some previously used procedures could lead to proteolytic
breakdown, and that upon storage at high pPH, extra enzymati-
cally active fast-moving electrophoretic forms appeared.
These possibly account for the multiplicity of electropho-
retic forms seen by others (Mamas & Millet, 1975).

When isolation and purification take place at pHé in the
presence of PMSF, which inhibits autodigestion, 2 high mol-
ecular weight, immunologically indistinguishable forms are
found. Sedimentation gives Mr values of 33,000 and 50,000
respectively for these 2 fractions. Both have bound carbo-
hydrate, and phosphoserine residues. Both amino acid compo-
sition and size estimation of the smaller component agree
well with earlier data for the esterase (Boyer and Carlton,
1968; Mintsil4 & Zalkin, 1980).However, the larger component
has an amino acid éomposition that is strikingly different
from the smaller, and totally unlike that of the subtilisin-
like intracellular serine protease ISP-I (see I.2.3.2). It
is only just possible from the AA composition that the smal-
ler form is derived from the larger by the loss of a basic
segment, such as the pro-regions of NPR and APR, for the ra-
tio of acidic to basic residues in the case of the 33,000
species is 5.5, and just 2.8 for the larger fraction.

Bacillo-peptidase F and ISP-II (Srivastava & Aronson, 1981;
see 1.2.3.4) are not immunologically related (Roitsch & Ha-
geman, 1983).



I1.2.2.9 Relationship of Esterase to Sporulation

The esterase is the least studied of the proteases discus-
sed heie, and no direct studies have been carried out to
investigate its relationship to the sporulation process. Its
production is however impaired in early-blocked sporulation
mutants, along with subtilisin (Michel and Millet, 1970; Ha-
geman and Carlton, 1973 :the $-87 mutant mentioned above).

1.2.2.10 Miscellaneous

B. licheniformis secretes a non-metallo-, non-serine type

protease, inhibited by neither EDTA nor PMSF. This "compo-
nent C" is produced to approximately 10% of the amount of
subtilisin ("Alcalase"),and has only been characterized
further in the industrial context, having been an undesira-
ble, highly allergenic contaminant of commercial enzyme pre-
parations (Verbruggen, 1975).
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An enormous effort has been expended in trying to ascertain
a role for serine exoproteases, or their intracellular coun-
terparts, in sporulation.

A number of early studies on extracellular protease produc-
tion deal also with protease activity found intracellularly
(eg Hageman & Carlton, 1973; Prestidge et al, 1971; Mandel-
stam & Waites, 1968). It is important to recognize that it
was only in 1975 that the signal hypothesis became widely
held (Blobel & Dobberstein, 1975). In early work it was as-
sumed that observed protease or esterase activity were due
to the intracellularly located counterparts of the already
characterized exoenzymes, as differences demonstrated in-
tracellularly were reflected in the products found in the
medium. Subsequently we have learnt that the secreted forms
of neutral and serine proteases are synthesized as longer,
probably inactive or poorly active precursors, and that there



is an ever-growing repertoire of characterized hona fide in-
tracellular proteases, distinguishable from the secreted spe-

cies by several criteria.

Two acetyl esterase serine protease activities were described
in B, subtilis lysed spheroplasts, using beta-naphtholacetate
as the substrate (Higerd & Spizizen, 1973). "Esterase A"
could be isclated from both vegetative and sporulating cells,
and had an estimated Mr of 31,000 or 160,000 as determined

by gel filtration or SDS-gel electrophoresis respectively.
"Esterase B" had an Mr of 51,000 by gel filtration and was
specific to sporulating cells. Three out of four pleiotropic,
asporogenous mutants had reduced levels of esterase B, but
the 2 mutants previously mentioned viz L-4 and $-87 (see I.2.
2.8), had wild-type levels of both esterases A and B. These
esterases have low activity with azocasein as the substrate,

At least 4 different intracellular protease fractions appear-
ing after TO (where To is defined as the end of exponential
growth) were distinguished in B, subtilis ATCC6051 (Hiroishi
and Kadota, 1976), on the basis of substrate preference and
inhibition profiles. "Fraction C" was clearly equivalent to
the "ISP-II" described by others (Srivastava.and Aronson,
1981; see 1.2.3.4), and to "esterase B" (Higerd & Spizizen,
1973; see above). "Fraction B" was evidently the same as the
subtilisin-like intracellular serine protease ISP-I (Reysset &
Millet, 1972) which is discussed in greater detail in I1.2.3.2.
In addition there was an EDTA-inhibited esterase (fraction A),
and the remaining fraction (fractions D+E) had both esteroly-
tic and proteolytic activity that were inhibited by DFP.These
fractions cannot be correlated with other reports. .

Hagemén and Carlton (1973) described only one intracellular

proteolytic activity, as mentioned in I.2.2.8, which was com-
mon to wild-type and the NPR-negative L-4.
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1.2.3.2 1ISP-1

This intracellular serine protease, found only in sporulating
cells, and first described by Millet, differs in biochemical
properties from the secreted subtilisin: it is inactivated by
PMSF, but also by EDTA, since there is an absolute requirement
for Ca2+, and the enzyme has a much lower plI than does subti-
lisin (viz. pH4). Azocoll is a good substrate for the enzyme,
which shows a narrower specificity than subtilisin towards syn-
thetic esters (Reysett & Millet, 1972) and also towards large
protein substrates. For example, the ISPs of B.amyloliguefa-
ciens (Markaryan et al, 1981) and B. brevis (Kurotsu et al,
1982) cleave only some of the bonds that are susceptible to

the exoenzyme secreted by the former strain.

Enzymes with similar properties have been isolated from spo-
rulating B, megaterium (Millet, 1971), B. thuringiensis (Le-
cadet et al, 1977), B. cereus (Cheng & Aronson, 1977) and B
brevis (Rurotsu et al, 1982).

Various roles have been proposed for ISP-I, based on its in
vitro activities and the study of mutants deficient in it.
They include sporulation-specific protein turnover, and pro-
cessing (Cheng & Aronson, 1977), modification of RNA polyme-
rase (Millet et al, 1972; Lecadet et al, 1977) and possibly
antibiotic degradation which confers protection on the produ-
cer strain. Such is probably the case with B. brevis, whose
ISP can degrade gramicidin S, whereas the antibiotic inhibits
the ISPs of other species jin vitro and is often used in affi-
nity chromatography to purify ISP (Kurotsu et al, 1985; Stron-
gin et al, 197%a). In the‘éase of B, licheniformis, its own
serine exoprotease is inhibited by the antibiotic bacitracin
it produces, but its ISP is not (Vitkovic & Sadoff, 1977).

I1.2.3.3 Relationship of ISP to Sporulation
1.2.3.3.1_ Indirect Evidence
There was some evidence suggesting that intracellular serine

protease activity may be indispensible for sporulation.
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This came first from inhibitor studies where PMSF, administer-
0 and T3, inhibited both extraceliular subtilisin
and sporulation (Dancer & Mandelstam, 1975a). It was known
that mutants lacking extracellular protease failed to show

the high intracellular protein turnover typically seen (Mon-

ed between T

ro, 1961) under conditions that induce sporulation in the
wild-type (Mandelstam & Waites, 1968). The ts-5 subtilisin mu-
tation was believed to be responsible for the sporulation de-
fect in that strain (Leighton et al, 1973). As it was diffi-
cult to imagine an extracellular role in sporulation for the
protease it was concluded that the inhibitors in above-men-
tioned study were acting on an intracellular form of the en-

zyme.

However, apart from the possible presence of other PMSF-inhi-
bitable proteases there is uncertainty about how specific the
effects of PMSF are in such in_vivo inhibition experiments.
Serine protease inhibitors were shown to have a “non-specific’
effect on energy generation in intracellular proteolysis stu-
dies in E, coli (Schechter et al, 1973). These workers corre-
lated an apparently lower rate of protein break-down than that
normally seen under carbon source deprivation with dramatical-
ly lowered ATP levels in these cells.

Work with sporulation-deficient ISP-I ts mutants was rather
more convincing than the inhibitor studies.

1.2.3.3.2 ISP-I +s Mutants and Spore Protease
The ISP-I of strain B, subtilis SMY-512 has an apparent Mr of c¢.
64,000, or 32,000 under native or denaturing conditions res-

pectively. At the non-permissive temperature, mutant ts-15
failed to sporulate and displayed negligible protein turn-
over, but normal exoprotease production. A cryptic protein
of M, 32,000, that cross-hybridized with anti-ISP-I was ex-
tracted under both native and denaturing conditions. The im-
plication was that this mutant ISP could not form the active
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dimer complex. Studies of revertants of ts15 which had re-
gained all wild-type characters, and transformation experi-
ments with mutant DNA, pointed to a single gene being invol-
ved. This contrasted with previous studies where apparently
similar mutants had failed to give revertants (Kerjan et al,
1979).

A study of B, cereus germination mutants, one of which, upon
screening showed reduced post-exponential ISP activity, was
less satisfactory (Cheng & Aronson, 1977). The purified enz-
zyme of the G8 mutant was more heat-labile than wild-type,
and the mutant was temperature-sensitive for spore-production
(though only in the absence of available amino-acids), pro-
ducing spores deficient in coat protein. Nonetheless, wild-
type levels of high Mr components that cross-hybridized

with anti-coat protein were present. G8 however lacked the
12,000 component (of a size with major coat protein found in
mature spores) seen in the wild-type strain. Revertants, some
of which retained some ts characters, were obtained at a fre-
quency that tended to imply a point mutation in one gene
(Cheng & Aronson, 1977). It is difficult to accept that the
complex phenotypes displayed by G8 could be due to a single
protease gene mutation. The abnormal coat protein processing
might well be due to the ISP-I lesion, but this was not con-
clusively shown as revertants (chosen on the basis of spore-
lysozyme resistance) did not conform to the wild-type proces-
sing pattern in pulse-chase experiments.

Moreover, the protease that is active during germination has
been characterized, and is quite different from ISP-I: Spore
protease is synthesized in the form of an inactive precursor
(P46) at the end of exponential growth, and is processed seve-
ral hours later to another inactive form Pyqe- It is activated
by processing to P40 only in the first few minutes of germina-
tion, and is absolutely specific for the small basic proteins
that comprise more than 85% of the spore protein, whose degra-
dation it initiates (Loshan et al, 1982). Mutants having redu-
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ced levels of spore protease exhibit a lower rate of proteoly-
sis during germination, but no other phenotypic defects - they
display normal outgrowth (Postemsky et al, 1978). So even if

one assumes that the mutant G8 ISP is responsible for aberrant
processing of the spore protease precursors, it could not ac-
count for the abnormal outgrowth of the germination mutant G8.

I.2.3.3.3 ISP-I Gene; Effects of Gene Deletion &
Overproduction of ISP-I

There was evidence from N-terminal AA sequencing of ISP from
various sources: B, amvloligquefaciens (Stepanov et al, 1977:
Strongin et al, 1978a); B. subtilis (Strongin et al, 1979%a &
b); B. licheniformis (Strongin et al, 1979b), that suggested
that these proteins were structurally related to subtilisin.
Comparison of the ISP and exoprotease of B. subtilis strain
A-50 suggested that there were, however, 2 separate genes cod-

ing for intra- and extracellular serine proteases, as the res-
pective partial sequences were similar, but not identical
(Strongin et al, 1978b). (Note that in the above studies, sub-
tilisin Carlsberg was erroneously attributed to B. subtilis
and strain A-50 turned out to be a strain of B, amvyloliguefa-
ciens (Markaryan et al, 1981)).

This has recently been confirmed by the cloning of the ISP-I
gene by Beppu and co-workers. In B. subtilis, ISP was overpro-
duced when the cloned gene was present on a high copy number
plasmid. The AA seguence deduced from the gene is shown in Fig.
2 (Koide et al, 1986; and personal communication), where it is
compared with that of subtilisin Carlsberg. There are several
blocks of identical sequence, with limited homology at the ex-
treme ends of the protein. No "signal sequence" is found. Only
typical -10 regions for sigma-43 or -29 (I.3.4 & I.3.7) are si-
tuated upstream from the transcriptional start site.

It is evident that the N-terminal sequences obtained by Stron-
gin and coworkers derive either from a processed or a degraded
form of the polypeptide that is encoded by the ISP-I gene (that
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is, nevertheless, active). Isolated ISP-I's N-terminal AA lies
at +20, or in the case of a minor species, at +17 (cf. Strong-
in et al, 1978a with the deduced AA sequence deduced from the
gene in Figure 2). The significance of the N-terminal hetero-~
geneity and diversity is not known. Strain differences, in vi-

tro artefacts, or differential processing may all contribute.

The effect of expression of the cloned gene in a high copy num-
ber plasmid has been tested in the S5-87 mutant described ear-
liexr, which had only 20% of wt ISP activity. S-87 (pYK3) over-

produced both ISP, and surprisingly, exoprotease as well, but

the mutant sporulation phenotype remained unchanged. In the
wild-type strain however, the effect of carrying pYK3 was that
sporulation was inhibited. The effect of supplying the gene in
a single copy was thus ascertained in the mutant. Though normal
levels of ISP-I were produced, the strain still did not sporu-
late. On the other hand, interruption of ISP-I coding sequences
(by deletion or insertion) led to significant impairment of
sporulation by the wi1d4type. This was observed in synthetic,
but not rich medium, and suggests a role for ISP-I in normal
sporulation, but this role is non-essential.

Interestingly, Jjust upstreah of the ISP-I ORF, a second open
reading frame running in the opposite direction, and potenti-
ally encoding a product of Mr 22,000, is found. Removal of this
ORF from the clone leads to lysis of the E. coli host unless
the isolated ISP-I gene is on a low copy number plasmid, or

the ISP-I gene orientation is reversed. This suggests a role

as a repressor or a specific inhibitor of ISP-I for the 22 kDa
protein.

If this proves to be the case, it would fit very well with a
size of 15-20,000 estimated for the specific protein inhibitor
of ISP-I isolated from both growing and sporulating B. subtilis
cells by Millet (Millet, 1977), and which was also present in

the ts-15% ISP-I mutant described by Kerjan (see I.2.3.3.2) at
both permissive and non-permissive temperatures. The inhibitor
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may have a regulatory function in modulating enzyme activity.
Comparison of ISP-I antigen, and activity levels, indicate a
post-translational activation step, and since S-87 has wild-
type antigen levels, it may be defective in production of the
active form, possibly due to higher levels of inhibitor, or to
altered (tighter) binding to same (Burnett et al, 1986).

1.2.3.4 JISP-I1

ISP-II can be distinguished unequivocably from ISP-I by its pH
optimum (pH7), stability, size (47,000), substrate specificity
and inhibition profile (Srivastava & Aronson, 1981; Hiroishi &
Kadota, 1976). While both are produced post-exponentially, they
peak at different times (ISP-II earlier), which presumably ref-
lects different physiological roles. ISP-II comprises only ab-
out 10-20% of the Azocoll-hydrolysing activity of extracts of
sporulating cells; it is relatively more active against arginyl
esters, and is not inhibited by EDTA. A B. subtilis ts mutant
of ISP-II has been isolated (Srivastava & Aronson, 1981), which
has all the phenotypic alterations previously described for the
B. cereus G8 mutant, and there attributed to the alteration in
ISP~I (Cheng & Aronson, 1977).

1.2.3.5 Membrane-bound Proteases

Membrane-bound forms of a variety of secreted enzymes of the
bacilli have been described, and may act as intermediates in
secretion, or as a pool of enzyme for regulated release eg.a
-amylase (Nagata et al, 1974), alkaline phosphatase (Yamane

& Maruo, 1978), lipase (Kennedy & Lennarz, 1979) and B-lacta-
mase (Yamamoto & Lampen, 1976). Membrane vesicles from late
log cells of B. subtilis YY88 (pap-9), which overproduces pro-
teases 20-fold, yielded a variety of proteases upon extraction
with Triton-X 100 (Mantsald & Zzalkin, 1980). More than 90% of
these comprised APR and NPR indistinguishable from the secre-
ted enzymes by mobility on SDS gels, immunoprecipitation and
inhibition profiles. Both forms first appear at the same time
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as their extracellular counterparts, although levels of the
membrane-bound proteases peaked several hours earlier. Other
recent studies show that the preprosubtilisin form is mem-
brane-associated prior to the release of the extracellular
form ( Power. et al, 1986).

The remaining activity could be separated into at least 4
previously uncharacterized "M proteases”, which were all
weakly inhibited by PMSF and had high esterase activity re-
lative to APR and NPR. '

As the total membrane-bound proteolytic activity amounted to

only 1-2% of that secreted by ¥YY88 it is likely that the en-

zymes involved have previously escaped detection in wild-type
strains due to their low levels.

I.3: Tranécriptional Control of Gene Expression in the

Bacilli
1.3.1 Sigma Factors

It now seems that prokaryotes may have the capacity to control
gene expression at the level of higher order chromosomal struc-
ture (Lilley, 1986), as is the case for eukaryotes. However, in
the genus Bacillus especially, it has been demonstrated that to
a large degree, differential gene expression is exercised at
the level of transcription by modification of the promoter spe-
cificity of RNA polymerase, among other more general mechanisms.

Early investigations showed that sporulation-associated morpho-
genesis was accompanied by biochemical changes, and these could
be correlated with the appearance of new mRNA species (Doi &
Igarashi, 1964; DiCioccio & Strauss, 1973), and with a distinct,
temporally defined pattern of protein synthesis (lLinn & Losick,
1976).

Such a program of changes is analogous to the events that occur
in bacteriophage infection: after infection of E, coli by T4
‘phage, different classes of viral RNA are synthesized in a de-



fined temporal sequence. All except “pre-early" RNAs depend on
‘phage-specific protein synthesis; the “switching-on" of later
stages thus required at least one virus-encoded component. The
subunit composition of RNA polymerase was found to change in
the course of 'phage development, and a new 'phage-encoded "sig-
ma" subunit was shown to be responsible for the altered tem-
plate specificity of the enzyme i.e. initiation of transcrip-
tion from viral rather than host "promoters" ( viz. specific
sequences that are recognized by RNA polymerase just upstream
from the transcriptional initiation site) (Travers 1969, 1970;
Travers & Burgess, 1969).

Coincident with these developments in the understanding of T4
biology it was found that the template specificity of RNA poly-
merase becomes altered during spore formation in B, subtilis
(Losick & Sonenshein, 1969). Rifampicin-resistant beta subunit
mutants were obtained, where the lesion led to loss of sporu-
lation ability (Sonenshein & Losick, 1970 ), and differences

in the subunit structure of RNA polymerase from vegetative and
sporulating cells were demonstrated (Losick et al, 1970). These
observations supported the postulate that, analogous to the T4
model, the developmental program leéding to the formation of
the spore is also controlled by polymerase mcdification.

Though it later became clear that the beta subunit alterations
were artefacts (Linn et al, 1973), studies on B, subtilis 'phage
SPO1 rapidly produced evidence of 'phage-specified sigma factors
for which distinct promoter recognition sequences could be iden-
t;fied. Thus host holoenzyme transcribes early genes, and SPO1
gene 28, 33 & 34-encoded sigma-like factors direct transcrip-
tion in the host from specifically middle and late genes resp-
ectively (Pero et al, 1975; Tjian & Pero, 1976; Duffy & Geidu~-
schek, 1977; Talkington & Pero, 1978). Distinct consensus se-
quences have been defined for the three classes of SPO!1 genes
(Talkington & Pero, 1979; Lee et al, 1980; Lee & Pero, 1981)
(See Table 1),
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Subsequently, additional sigma factors were isclated from unin-
fected cells:

In 1979 a ncvel sigma, 637, was isolated from the RNA polymer-
ase of early sporulating cells, and conferred on the core en-

643 (formerly called sigma-55) failed to do, the

zyme ("E"), as
ability to transcribe 2 cryptic cloned genes (viz. Q,4kb/spo
VG, ctc/spoVC) whose expression is associated with sporulation
(Haldenwang & Losick, 1979, 1980). Another sigma factor, 628,
was found to occur in non-infected, vegetatively growing cells
soon after, and also conferred a distinct template specificity
on core enzyme (Wiggs et al, 1981), thus establishing RNA poly-
merase modification as a general means of altering template

specificity and thereby controlling transcription.

In all, 7 sigma-like factors have to date been characterized,
and are designated by a number corresponding to molecular
weight, or in the case of 'phage factors, by the number of the
specifying gene., These are tabulated, together with their pro-

moter "consensus" sequences, in Table 1.

Also tabulated (Table 2) are other RNA polymerase-associatead
polypeptides, whose role is as yet unclear, as well as a scheme
indicating at which stages of growth the different holoenzymes
can be isolated from uninfected cells and the relative abun-
dance of some. Of the above-mentioned core-associated polypep-
tides, delta has specifically been described as a transcription
inhibitor and appears to make E643 more selective by destabi-
lizing enzyme-DNA complexes (Doi 1982). It exerts little ef-
fect on the activity of strong promoters. It should be noted
thatvthe presence of a particular holoenzyme at a certain stage
of growth does not always imply activity at that stage.

Just how sigma factors exert their effects is not known; cross-
linking studies with E. coli sigma7o and the lac UVS promoter
have shown direct interaction with both of the conserved re-
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gions that constitute many promoter sites (Simpson, 1979%; Chen-
chick et al, 1981).

Although the number of cases of transcription by low-abundance
sigma-containing RNA polymerase that have been studied to date
is still limited, some generalisations can be made. The proper-
ties of genes transcribed by RNA polymerase associated with the

various sigma factors is given in brief below.

I1.3.2 summary of Functional Properties of Sigma Factors
Major component:

Qﬁi: component of major form of holoenzyme; transcribes genes
during vegetative growth.

' Minor factors found in vegetative cells:

931: involved in post-exponential expression of genes under
complex regulation.

QEE: transcribes sporulation genes in vitro, role if any in
vegetative growth uncertain, as is case for 637.

QEE: transcribes a limited number of genes during exponential
phase whose gene products seem to be involved in the transition
to sporulation phase. Most spoO functions are required for 628
activity.

Abundant sporulation-specific factor:

QEE: persists only for an interval from T2 to T4.

More detailed data follows below.

I.3.3 Methodology Used in Transcription Studies
As the methodology is crucial for an evaluation of the data,

the most frequently exploited techniques in the studies discus-
sed below are listed here. They include the isolation of terna-
ry initiation complexes of polymerase, DNA template and nascent
RNA chain on nitrocellulose filters; in vitro RNA synthesis on
cloned native and mutagenized templates with isolated holoen-
zyme (i.e. core & sigma factor), or enzyme reconstituted from
purified components; identification of transcribed regions by



hybridization of labelled transcripts tc immobilized DNA frag-
ments by blotting; identification of transcriptional start si-
tes by 1) using templates truncated at a site within the trans-
cribed region and monitoring the size of the resultant “run-
off* RNA, 2) the S1 mapping technique (Berk & Sharp, 1977), 3)
dinucleotide transcriptional priming (Minkley & Pribnow, 1973)
and 4) RNA sequencing.

It is pertinent to add that the composition of RNA polymerase
isolated is much dependent on the method of extraction and pu-

rification (Doi, 1982).

I.3.4 Sigma-55/43 Promoters

In the case of promoters recognized by the principal form of
B. subtilis holoenzyme (2655, or rather, E643), which trans-
cribes genes active in vegeta*tively growing cells (Shorenstein
& Losick, 1973a & b), and the early genes of phages SPO1 and
929, the -35 and -10 regions conform closely to the consensus
hexanucleotide recognition sequences attributable to E. c¢coli
promoters, of which a large number have been characterized.
(Reviews E. _coli promoters: Rosenberg & Court, 1979; Sieben-
list et al, 1980; Reviews B._ subtilis promoters: Lee et al,
1980; Moran et al, 1982a; Losick & Pero, 1981).

In E. coli, as well as Gram-positive organisms, initiation
takes place preferentially at a purine in position 7 or 8 down-
stream from the last T in the -10 sequence (Murray & Rabino-
witz,1982; Aoyama & Takanami, 1985). There are some indica-
tions that certain positions in the consensus are more highly
conserved and important for efficient utilization in B, subti-
lis than is the case in E. ¢coli eg. the "invariant G" in the
-35 region. However, at least one strong B._subtilis promoter
has been characterized which does not have the invariant G in
the putative -35 region (Nakahama et al, 1985) .

Promoters that conform to the consensus coming either from the
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B. subtilis chromosome eg. veg, tms (Moran et al, 1982 a), from
B. subtilis phages eg. SPO1 and ©29 (Murray & Rabinowitz, 1982)
or from E. ¢oli eg lacUV5, tag (Lee et al, 1980, Moran et al,
1982a; Peschke et al, 1985) which are all utilized efficiently
by E. coli polymerase, are transcribed to greatly varying ex-
tents by E643 from B. subtilis (see also I.7.3).

Thus other features besides the canonical consensus sequence
are important in B. subtilis E643 transcription. Indeed, most
genes which are transcribed by the major holoenzyme show addi-

tional common features.

Apart from the -35 and -10 regions, 643 promoters often, but
not invariably, show the pentanucleotide PuPyPuGT at about -15,
and have predominantly A,T between -1 and -6 from the trans-
criptional start (Wang & Doi, 1984; Moran et al, 1982a). The
sequence about -15 has been implicated in methylation studies
of RNA polymerase-promoter binding complexes to give a strong
protective effect (LeGrice & Sonenshein, 1982).

A special category, the early ‘phage genes recognized by E643,
have additional homology immediately upstream of the -10 and
-35 regions (Murray & Rabinowitz, 1982).

"Spacer" length between the -10 and -35 regions is not so cri-
tical and may vary from 16 to 18 bp (Peschke et al, 1985).

The functional boundaries of B, subtilis promoters definitely
extend upstream from the polymerase recognition/binding sites:
an AT-rich box consisting of alternating stretches of As and
Ts occurs commonly around -40 to -50 for 643 promoters, espe-
cially in the case of highly expressed genes (see Wang & Doi,
1984; Banner et al, 1983). It has been shown to be important
for the activity of such promoters in the Gram-positive Strep-
tocogcus (Stassi et al, 1982), as well as for other types of
BPacillus promoters (Banner et al, 1983). Experiments using E.
coll ‘'phage T7 promoters indicate that the AT-rich region may
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also be important for 2643 function in a__gungilig.(Peschke et al,
1985). This is discussed in more detail in I.3.9.

Quite commonly, more +han one copy of the hexanucleotide con-
sensus sequences are found close together:

E643 has been shown by methylation and DNAasel protection to
bind to both of the 2 almost identical copies of the promoter

consensus found both at the usual distance from the transcrip-
tional initiation site of the yeg gene,
established in vitro),
ran et al, 1982a;

(which had been firmly
and also centred about =50 and -75 (Mo~

LeGrice & Sonenshein, 1982). The upstream

site lies between 2 arms of dyad symmetry; a possible addition-
al regulatory signal in_vivo. This second copy is transcriptio-
nally active when separated from the first (Peschke et al,

1985). It may serve to sequester RNA polymerase molecules and

so improve promoter strength in vive. Similar tandem promoters'

are found in front of inter alia rrn0 and rrnB (Stewart & Bott,
1983).

At the onset of sporulation there is a marked decrease in 643
activity. However, the transcription of vegetative genes con-

tinues and their mRNAs comprise 60-80% of the total in sporu-

lating cells (Doi, 1982). Extracts of sporulating cells contain

as much o§ the sigma-43 factor as do vegetative cells, but it
fails to copurify with core enzyme. This loss of 643 activity

is blocked by spoQA,-QR,-0C,-QE,-QF,-QH,-QJ, RfmrSpo- mutations,

whilst later sporulation lesions allow it (Losick, 1982)

1.3.5 Sigma-37 and -3

omoxe

Sigma-37 is present in both vegetative cells (where levels are
low and seem to be nutritionally regulated) and in early spo-
rulating cells where it is abundant, but becomes.barely detec~
table after the second hour of spore formation (Haldenwang &

Losick, 1979, 1980; Losick, 1982). Doi has proposed that the

37 . .
role of ES°' is to transcribe genes that are catabolite repres-

sed, encode extracellular enzymes, Or are expressed only in
stationary phase from a comparison of the limited number of
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examples of 637—controlled genes available to date (Wong et al,
1984).

Genes encoding 637 (rpoF or sigB: Binnie et al, 1986) and 632
have recently been cloned. Sigma-32 is the spoOH or sigC gene
product (Leighton, personal communication).

In many cases, genes controlled by these sigma factors are
transcribed from two closely-spaced start sites, a feature
also seen in E. coli for highly regulated genes (eg gal, Mus-
so et al, 1977; Queen & Rosenberg,1981). The conserved -35
and -10 regions that have been defined for 637 promoters of-
ten overlap with an active promoter for another of the alrea-
dy characterized holoenzymes. Such tandem or overlapping pro-
moters could give the possibility of gene expression modula-
tion over a long period of growth and development. Some exam-

ples follow.

1.3.5.1 43 Gene: E6°', E63. Tdentical start

The cryptic P43 gene is transcribed by both 2037 and 2643 in
vitro. In vivo transcripts from exponential cells and from sta-
tionary phase Tj, where expression is much stronger, have the

identical start site. By comparison with other sequences, over-

lapping -10 and -35 regions typical of other 637 and 643

pro-
moters can be identified (Wang and Doi, 1984). Concentration-
dependent differential use of E643 and Ed37 pessibly accounts

for the increased expression of P43 in stationary phase.

7T.3.5.2. ctc Gene: Sigmas-37,-32,-29: Identical Start Site;

Differential Interaction

The ctc gene (probably spoVC, whose gene product is required
for the transition from stage IV to V in spore formation) is
actively transcribed under conditions of nutrient deprivation,
but is independent of gspo0 functions. It is expressed at a low
level in vegetative cells. The utilization of the ¢ctg promoter
by both E637 and Eézg was established (Haldenwang & Losick,
1980; Haldenwang et al, 1981) and analysed in great detail by
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Moran and coworkers (Tatti & Moran, 1985; Tatti et al, 1985;
Tatti & Moran, 1984). Although an insertion mutation in the
gene for sigma-37 did not impair either growth or sporulation,

the transcription of gtg was adversely affected (Binnie et al,
19863 .

In vivo transcription ('1‘4 RNA) was compared with an in vitro
3637-specified'transcript, and start points were found to dif-
fer by only a few bases. At -10 and -35, sequences homologous

to other 6°! promoters were found, and these have been shown by

MAaseI foot-printing (Moran et al, 198la) and by methylation pro-

tection experiments (Moran et al, 1982b) to lie within the ES°’
binding site. Site-specific mutagenesis of the bases within the
putative conserved region affected the efficiency of promoter
utilization most dramatically, whereas base changes at posi=-
tions outside produced modest effects. It thus seems that bo+h

-10 and -35 regions are important for recognition ( Tatti & Moran
[ 4
1984).

Both 2629 and £632 produce an in vitro transcript with the

same start site as does 2637, it was subsequently established.

Consensus recognition sequences for these holoenzymes are, how-~
ever, very different (see Table 1). This apparent paradox has

been resclved by studies with promoters altered by site-speci-
fic mutagenesis.

It was clear that the 3 holoenzymes interact differentially

with nucleotides in the same promoter area: some positions are

vital for utilization by one form, unimportant for another.

In accordance thus with expectation, a change at -15, where the
G-->A transition respectively reduced and increased homology to
the 637 and 629 consensus -10 regions, led to a negative effect
on £637 utilization, but stimulated transcription by £G2?,

Most dramatically, a mutant gtgc promoter with 4 base substitu-
tions in and about the -10 region all but abolished utilization



by E637, but stimulated 3629 activity to at least 5x wild~-type
levels. Mutations at ~-16 and -36 however, depressed transcrip-
tion from both ¢2° ana ¢37 (Tatti & Moran, 1985). Substitution
of the absolutely conserved A at -12 (underlined and aligned

for the 3 consensus -10 regions in Table 1), had a predictably
negative effect on transcription by all three holoenzymes.E637,
E62%, and EG32 (Tatti et al, 1985).

In the course of development, the gtgc gene is probably trans-
cribed in tandem by first holoenzyme containing 637 and 632,
then by £g29.

I.3.5.3 spoVG Gene: Sigmas=-37,-32,-29: Different Start Sites
This gene, also known as 0.4 kb, is transcribed at a low rate

in vegetative cells, but is active in early and late sporula-
tion, where its product participates in spore coat maturation
(transition to stage VI). Unlike the ctc gene, spoVG expression
in vivo, but not in vitro, requires 6 of the 7 spo0 functions
tested (Ollington et al, 1981; Zuber & Losick, 1983).

In vitro, the gene is transcribed by E637 (Haldenwang & Los-
ick, 1980), EG32 (Johnson et al, 1983) and by £623 (Haldenwang
637 and E632 has been studied
in detail and proceeds from individual initiation sites separa-
ted by 10 bp (in contrast to their shared start site in ctcg)
(Johnson et al, 1983). In vivo stationary phase transcribtion

et al, 1981). Transcription by E

is similarly initiated at 2 closely-spaced sites and these dif-
fer from the in vitro start sites by only a few bases (Moran et
al, 1981b).

An AT-rich stretch lying between -50 and -70 from the down-
stream initiation site was shown to be necessary for utiliza-
tion of the downstream promoter (632) in particular, in vitro
(Moran et al, 1981b), as well as for the in _vjivo expression of
SpoVG. Deletion of these sequences abolished the inhibitory ef-
fect on sporulation otherwise exerted by the gene in a high co-
pY plasmid (Banner et al, 1983). E637 uses the upstream ini-
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tiation site exclusively, E632 the downstream.

Losick has suggested that competition between £637 ana E63?

for the promoter may modulate both the level of transcription,
as well as possibly the translatability of the mRNAs, which dif-
fer in length at the 5' end (Johnson et al, 1983). Differential
expression of the cistrons in the gal operon of E. ¢oli is regu-
lated in this manner (Musso et al, 1977; Queen & Rosenberg,
1981).

Thus far, only the 2 genes gt¢ and gpoVG have been identified
as being transcribed by Ed32. Two regions that lie upstream

632) initiation site in 2poVG are sugges-
637

from the downstream (
ted as constituting -10 and -35 regions for E632. Typical
recognition sequences lie appropriately before the upstream
start site. The hexanucleotide regions form an alternating “"mo-
gsajic” of -35,-10 regions before spoVG. In cohtrast, in the case
of spoVC/gtg, where the same highly conserved seguences occur,
but where there is a single initiation site for both holoen-
zymes, there is considerable overlap of -10 regions, but not
-35 regions, due to a different spacing for both promoter se-
quences from that found in spoVG (Johnson et al, 1983; Tatti &
Moran, 1984). Later data from mutagenized gtc promoter studies,
where substitution of the "invariant A" at position -12 compro-
mises utilization by E637, 2632, and 2629, can most likely be
extrapolated to the 3poVG gene.

1.3.5.4 Subtilisin G ) E:"37 T Initiati .

Doi and coworkers have shown that the B, subtilis subtilisin

gene is transcribed from the same 2 start sites, separated by
some 15bp, both in vivo and in vitro (see Fig. 33), and that

this is specified by 3637. The gene cannot be transcribed in

vitro by £643 or £¢?° (Goldfarb et al, 1983; Wong & Doi, 1984;

Wong et al, 1984).

The downstream initiation site is preceded by a typical 637
promoter; whether utilization of the upstream site is due to



E637 or to a minor contaminant of the holoenzyme preparation
is unclear. As sigma-37 is present thfoughout exponential
growtﬁ, but subtilisin only expressed post-exponentially even
when the gene is on a high copy plasmid, additional control
mechanisms must operate: some gpoQ functions are required (see
I1.6.5.3), and a region of dyad symmetry reminiscent of opera-
tor regions in E, coli (Rosenberg & Court, 1979) includes the

637 consensus.

I.3.5.5 B.licheniformis APase; Sigmas-37,-43: Individual Genes

An interesting example of 637 utilization was found in B.lich-
eniformis, where alkaline phosphatase synthesis is under com-

plex control. Low amounts of a membrane-bound form are synthe-
sized during logarithmic growth, whereas large quantities of a
form,which is similar by many criteria/are secreted in statio-
nary phase under conditions of inorganic phosphate limitation.
Hulett has cloned 2 copies of the gene, which are situated in

tandem in the chromosome, and are transcribed independently by
B. _subtilis gg43 (APase I) or EG>

mains to be seen if these observations can be correlated with

(Apase II) in vitro. It re-

the distinct patterns of vegetative and stationary phase expres-
sion (Hulett et al, 1985).

I.3.6 Sigma-28 Promoters
First isolated as a polymerase form uniquely able to transcribe

one T7 promoter, the holoenzyme E628 displays a most stringent
template preference. Two clones from a gene bank were found
that are actively transcribed by Edze (Wiggs et al, 1981). An-
alysis of ip vitro transcripts revealed that the 2 genes had
totally conserved -10 and -35 regions (see Table 1); in addi-
tion both had the tetranucleotide TAGA at -1 to +3 (Gilman et
al, 1981). A quantitative S1 protection assay has shown that
both cloned loci are transcribed in vegetatively growing cells
to give about 10 RNA copies per cell, from the same transcrip-
tion initiation site that had been ascertained by in vitro
transcription. Edzs transcription is to some extent nutrition-
ally regulated during growth: at glucose levels that inhibit



sporulation (viz. 3%), or with only AAs as carbon source, acti-
vity is lower than with metabolizable carbon sources glucose
or glycerol. Brief nitrogen or phosphate starvation has no
effect. The abundance of specific transcripts decreases during
the first hour of sporulation, and they are almost undetecta-

ble after the second hour. 628 transcripts are absent from
SspoOA,-0OB,-0E and -QF mutants, but are present in wild-type le-

vels in strains carrying extragenic spoQ suppressors (rvt).

These observations suggest that sigma-28-controlled genes may

be involved in the triggering of spore development.

The finding that 5623 is present in stationary phase spoOA
cells even though its transcription products are undetectable,
indicates that this gpoQ function may be required to activate
the specific promoters in vivo, or to block an inhibitor of
628 (Gilman & Chamberlin, 1983).

Using in vitro transcripts of total B, subtilis DNA by E628,
additional strong promoters have been isolated from a gene
bank. As it is known that some promoters though poor jin vitro
are nevertheless powerful in the cell, there may well be im-
portant "weak" promoters that will not be detected by such a
screening procedure (Gilman et al, 1984). It is estimated that
only some 20-30 strong sigma-28 promoter sites occur on the
chromosome and it was proposed that they encode functions that
sense nutrient deprivation (eg. membrane receptors) and manage
the transition from vegetative to sporulative phase (Gilman &
Chamberlain, 1983). One sigma-28-transcribed gene has been
shown to encode a protein that would seem to be flagellin (Lei-

ghton, personal communication).

I1.3.7 Sporulation-Specific Sigma-29
43

During sporulation the amount of ES and E637 that can be

extracted from B, subtilis declines concomitantly with the ap-
pearance of 629-containing polymerase (Haldenwang et al, 1981).
Sigma-29 is the product of the spollIG (or sigE) gene, and: seems



to be synthesized from an inactive precursor, P31. It appears

carly in sporulation, for which gpoQA,-0B,-QE,-QF, and -QH,
spolTA,and -IIE functions are required, but not gpoQJ. This
sigma factor persists for only 2 hours (from Tz to T4) and
sporulation can proceed only as far as stage II in its absence
(Trempy et al, 1985a & b). Proteins of similar size that have
antigenic similarity to sigma-29 of B, _subtilis are found in
sporulating cells of several Bacillus species (Trempy & Hal-
denwang, 1985).

It is clear from the above that &2°
than the period of its maximal synthesis, and there are exam-

is required at a time later

ples of other such gene products ( Trempy et al, 1985). No sig-
ma-like factors have yet been isolated from cells at an advan-

ced stage of sporulation.

Errington et al (1985) pointed out the similarity of the SpoIIAC
sequence with that of spollG, and this was even more striking
when 2 sequencing errors were rectified (Stragier, 1986). It is
likely that this gene codes for ancther sigma factor of ap-
prox. Mr29,000 in early sporulation and which might have been
overlocked. It appears at about the same time as the gpollG pro-
duct, is also 3po0OA dependent and shares the conserved putative
core- and DNA-binding regions found in other sigma factors (see
Table 3b).

A number of genes, some cryptic, that are transcribed jin vitro
by EG2°
proximal purA-cvsa cluster, and its highly conserved promoter
has been defined (Haldenwang et al, 1981; Tatti et al, 1985).
The genes include spoVG and ctg, already mentioned (I.3.95.3

and I.3.5.3), the veg gene (also transcribed by E637 & 5643)

have been identified in the cloned replication-origin

and the [ gene.

Site-specific mutagenesis of the ct¢ gene has demonstrated the
importance of the absolutely conserved A at -12 (underlined in
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Table 1): promoter utilization by 02° (and also by 0°2 and 0°7)
was greatly compromised when this conserved base was replaced

with T. The highly conserved CA at -15 and -14 respectively,
give more efficient utilization than when either position is

mutated to G (Tatti et al, 1985).

Experiments with other mutant promoters has shown that both
-10 and -35 regions are important for recognition by E629 (Tat-
ti & Moran, 1985).

Latest results suggest that the consensus -35 is not identical
with the most efficiently used sequence (Moran, personal commu-

nication).

The spolID gene has been cloned, and is transcribed exclusive-
ly by 5629 in vitro. In vivo transcription is confined to a pe-

riod immediately following the onset of sporulation. It is ab-

sent in those spo mutants that do not produce sigma-29, but oc-
curs in others which do not affect sigma synthesis (Rong et al,
1986).

It seems likely that sigma-29 serves to transcribe genes whose

activity is required during the period in which it is present,

rather than transcribe a select set of genes. With the excep-

tion of the L gene and spollD, sigma-29-transcribed genes seem

also to be activated by other holoenzymes at different times in
growth (Ray & Haldenwang, 1986).

1.3.8 ot < i ptional Requl -

It seems likely that additional low-abundance sigmas remain to
be discovered, and the way in which other factors, such as spo0O
functions, interact to influence transcription needs to be elu-
cidated. Cloning of genes coding for both sigma factors and spoQ
functipns is beginning to throw some light on the hitherto obs-
cure processes involved (see also I1.6.5).

The "cascade" model (Losick & Pero, 1981) suggested that the

minor sigma factors would sequentially confer changes in pro-
moter specificity on RNA polymerase, and would so control the
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sporulative program. Since then it has become clear largely from
isolation 0f a variety of intergenic suppressors of sporula-
tion defects that sporulation is not the inflexible dependent
sequence of events previously thought, and a more general re-
gulatory role has been proposed for sigma factors (Price & Doi,
1985).

There are abundant reports in the literature of genes with
transcriptional start sites that are not preceded by sequen-

ces homeologous to a hitherto defined promoter consensus.

For example, the Q.3 kb gene is activated at an intermediate
stage in sporulation (T4, stage III). The gene is apparent-

ly not in an operon, as a typical terminator lies at -50. It
cannot be transcribed in vitro by E643, E637'or 2629 (Stephens
et al, 1984). Induction of 0,3 kb-lacZ fusions is blocked by
spoOB, spollA,spollE and spolll. Centered about -5 and -27,
this gene has sequences highly homologous to similarly cen-
tered sequences upstream of the B. thurigiensis crystal pro-
tein “"upstream" transcriptional start, which is active at
roughly the same stage of sporulation. These regions are quite
distinct from other characterized promoter sites. It has been
demonstrated that crystal protein synthesis is transcription-
ally régulated, and that early in sporulation a different tran-
scriptional initiation site (lying 16 bp downstream) from the
one mentioned above, is used (Wong et al, 1983). This early
site shows modest homology to the 629 consensus at -10 but

not at -35. There is evidence from E. coli that genes that are
positively regulated by an effector in addition to polymerase
often lack the -35 region homology, egutXEBE, Where the -35 ho-
mology is present, a basal low level of expression is seen,'as‘
one would expect, in the absence of effector eg.;\EBM (Rosen-
berg & Couurt, 1979).

Another example is the genes coding for the small, acid-solu-

ble spore proteins (SASPs) of B, megaterium, and B.subtilis,

which are under transcriptional control and are co-ordinately



expressed only during sporulation. These have highly conserved
regions upstream from the transcriptional start that do not re-
semble promoters for other genes viz. an exceedingly AT-rich
tract, followed by a -35 of general form T/A T/A G T/A A T/A
and a -10 region G G/C AMA A C (Fliss & Setlow, 1985; Connors
et al, 1986; Fliss et al, 1986).

wWhile in vitro transcription (albeit poor) of spoVG, as well as
ctc can be directed by E537, in vivo expression of the former
requires spoOA,-0B,-0E,-OF,-0H (Ollington et al, 1981) and gpoOK
(Zuber & Losick, 1983). Their gene products may act directly ei-
ther as positive reéulators, or to inactivate repressors. Since
having the spoVG promoter region on a multicopy plasmid in a
wild-type background inhibits sporulation, it is likely that it
titrates a low-abundance positively-acting regulatory protein
(Banner et al, 1983). The requirement for spoOA and -OB can be
suppressed either by propagating spoVG on a plasmid, or by ha-
ving the gene in an abrB background (an intergenic suppressor).
These two options do not however eliminate the need for the
spoOH gene product (viz. sigma-32)(Losick, personal communica-

N

tion).

Identification of other transcription modulating factors, and
elucidation of their roles is being studied by the use of gene
fusions, where a gene whose product is easily assayed is put
under the control of a regulated gene, eg gpoVG/lacZ (Zuber &
Losick, 1983) and ctc/CAT (Truitt et al, 1985).

Using the latter plasmid-borne ¢tc fusion has led to the isola-
tion of non-copy number chromosomal mutants with altered chlor-
amphenicol resistance. Mutants with increased ctc transcription
of which some, but not all were Spo , were found, and where
specifically either early (T1.5) or late (TS) transcription

was affected. This method also allows the detection of mutants
with reduced E637 transcriptional activity. Several of the mu-
tations affecting gtg expression map around gigpR, the gene en-
coding sigma-37 (Binnie et al,1986).
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I.3.9 Transcriptional Regulatién by RNA Polymerase

Modification: a Barrier to Interspecies Expression?
From the above discussion, it is clear that there is, in B,

subtilis, a requirement for a variety of specific factors
apart from RNA polymerase core enzyme in order for trans-
cription of some non-inducible genes to occur. These req-
uilrements differ from one class of genes to another. Obvi-
ously the absence of such factors, or others that can com-
pensate for them and allow promoter recognition, may well
pose a barrier to transcription of some Bacillus-derived

genes in other species, or indeed in certain Bacillus re-

gulatory mutants.

Expression of heterologous genes in prokaryotic host strains
is one of the major concerns of the gene technology industry.
The use of some Gram-positive organisms, including Bacillus
spp., as hosts appears especially attractive due to their
effective protein secretory system. It is therefore relevant
to examine available data on interspecies expression from the
viewpoint of transcription signals and machinery. For this
purpose, the best understood representatives among the Gram-
negative and -positive eubacteria respectively, are E. coli
and B. subtilis.

While B. subtilis genes are as a rule phenotypically expres-
sed in E, coli (Chi et al, 1978), the converse is rare (Ehr-
lich, 1978). One example of the latter is the thymidylate
synthetase gene. When the heterologous gene became integra-
ted into the B. subtilis chromosome, it complemented a Thy
phenotype, presumably having come under host control (Rubin
et al, 1980).

Hetercologous gene expression in B. subtilis has effectively
been limited to genes from other Gram-positive bacteria, eg.

Staphvlococcus gureus (Gryczan & Dubnau, 1978).
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As regards promoter recognition sequences, it has been men-
tioned that the most frequently found promoter type in B,
subtilis viz. 643 recognition sequence, is essentially iden-
tical to the conserved consensus for the E. _coli 670 holoenz-
yme, but that the former seems to have additional requirements

over and above the conserved -10 and -35 regions.

In keeping with these observations, E, ¢oli polymerase can
transcribe some B, subtilis chromosomal and phage genes with

643 consensus sequences more efficiently even in vitro than

does the homologous enzyme (Moran et al, 1982a; Murray & Rabi-
nowitz, 1982; Lee et al, 1980). Conversely, 3643 is able to trans-
cribe from E, coli-derived promoters, such as lacUVS, but only
very inefficiently even at low ionic strength, where the enzyme
becomes less selective (Shorenstein & Losick 1973b; Wiggs et al,
1979, Lee et al, 1980; Peschke et al, 1985).

An AT-rich stretch at =40 to -50 is a feature of many B, subti-
lis 643 promoters (Moran et al, 1982a) and is found occasional-
ly for E._coli chromosomal and phage genes. When Gram-negative
promoters of this type are assayed, they are often utilized ex-
tremely efficiently by the vegetative B, subtilis holoenzyme,
with initiation taking place at a site identical to that used
in E._¢celi (Peschke et al, 1985).

More surprisingly, it was recently demonstrated that a promoter
used exclusively by the minor 2637 form in B, _subtilis, viz. the
subtilisin gprE promoter, can be utilized both in _vivo and in
vitro by E.__coli RNA polymerase, with initiation taking place
faithfully at the same two initiation sites used in B, subtil-
is. It is not known whether a minor contaminating form of E.
coli polymerase (5670) is responsible for the activity (Wong

& Doi, 1984). Such forms are known to exist - see I.3.11. The
failure therefore to obtain phenotypic expression of B, subti-
lis or other Gram-positive-derived genes in E. ¢oli even where
transcription does occur, has convincingly been shown to lie
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at the translational level. This barrier to expression is con-
sidered separately in I.7.3 and I.7.4.

I.3.10 Homologies Between Major Sigma Factors

From the activities discussed above it might be anticipated
that similarities in the E., coli and B, subtilis RNA polyme-
rases (major species) themselves, specifically in the respec-
tive promoter selectivity-conferring sigma factors, would be
found. Reconstitution experiments with heterologous combina-
tions of sigmas and cores yield active enzyme (Shorenstein &
Losick, 1973b). Thus while the peptide maps of 643, 637,

629, delta, P34 and P23 differed from one another (Haldenwang
& Truitt, 1982; Wong & Doi, 1982), those of 6¥3 (B. subtil-
is) and 670 (E. _coli) revealed a limited homology. This was
also manifested by immunological cross-reaction of anti—d43
with 670, but not with the other polypeptides tested (Wong

& Doi, 1982).

655/43 670

The genes coding for and (rpoD) have been cloned

and sequenced (Price et al, 1983; Gitt et al, 1985; Burton et
al, 1981), and they display a strong homology, despite the dif-
ference in size of the gene products. When the deduced 2A se-
qguences are aligned et the C-terminus, the homology between 643
AA140-371 and the 6’ AA 360-613 is 84%, including conservative

changes (Gitt et al, 1985) (see Table 3a&b).

The xpoD genes are moreover found in similarly organized ope-
rons of 3 genes, but the regulatory elements of the operons
differ (Wang & Doi, 1986).

I1.3.11 Homoloagies Between Minor Sigma Factors

In the E*_ggli:xggn operon, rpoD is preceded by dnaG (primase)
(Burton et al, 1983). In response to heat shock, a promoter wi-
thin dnaG is induced from which xpoD is transcribed by E632
(Taylor et al, 1984).

632

This recently discovered minor sigma factor ( or HptR) is
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Ec
Bs
Bs

TABLE 3: HOMOLOGIES BETWEEN SIGMA FACTORS

(A)

SIGMA Total AA | Position % Hamology | Position % Hamology | Position ¥ Homology | Position % Hamology Ref.
e d? 63 372-613 403-417 326-613 375-439
84* Gitt et al,
43 1985
Bs O mn 140-371 100 43
p—— Gan

B o 284 77-90 1-284 Landick et al,
1984

Bs 029 239 58-122 Stragier et al,
1984

Ec E. coli

Bs B. subtilis

*  fotal hamology,i.e. includes identical as well as conservative replacements

ssmases “pNA DINDING STTE"

Rt
A)u/GlyNHNClyHNNNNV¢)/Ilc
g o'° 577-587
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257-267
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Alignment of the amino acid sequences of the £. coli HtpR and ¢ proteins with the B. subtilis **, Spol1G ang
SpollAC proteins. A 245-amino-acid deletion corresponding to residues 130-374 has been introduced in the o’€
sequence at the position shown by the arrow. The one-letter amino acid notation is used. Chemically similar amino acid g
are defined as the following groups: D and E; K and R; Sand T; F and Y; I, L and V. Gaps have been introducecy
1o maximize the alignments and are shown by hyphens. White letters on a black background indicate positions occupiecy
by identical or chemically similar amino acids in 4 or 5 proteins. Positions at which 3 residues are identical or similay
are boxed. The homologous regions discussed in the text are indicated by brackets (A, B and C). The locations o ¢

potential a-helix—4-turn-a-helix structures typical of DNA-binding proteins are schematized.
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the product of the htpR/xrpoH gene, and controls heat shock pro-
moters in E, coli (Grossman et al, 1984). Homology exists be-
670 632 (Landick et al,

tween the deduced AA sequences of and

1984; see Table 3).

In B. subtilis, the entire rpoD operon is franscribed during
growth from the 643—type P1 and P2. During stationary phase
transcription is from P3, which lies 130 bp further upstream.
The rpoD gene here too is preceded by a primase gene (dnak)
(Wang & Doi, 1986).

Examination of respective recognition sequences shows that B,
subtilis 628 and E. coli 632 have similar promoter specificity.
Transcription in E. coli of cloned B. subtilis 628-specific
promoters is dependent on the HtpR+ phenotype, but is nei-

ther dependent on, nor stimulated by a heat shock, énd proceeds
from the same site utilized by E628 in B, subtilis. Reciprocal
recognition and utilization was shown by purified E628 on the

rpoD PHs of E. coli (Briat et al, 1985).

One anticipates a reasonable similarity between these two sigma
factors, but this must await the cloning of the gene for sigma-
28.

It is clear however from above experimental data that, in the
same way as other factors apart from a canonical promoter and
the appropriate sigma factor are sometimes required for ex-

pression of B, subtilis genes in vivo, so the E._coli heat
shock promoters are more complicated. The heat shock regulat-
ed genes all have a very C-rich sequence just upstream of the
-35 and/or -10 region, as well as an AT-rich region between
-40 and -60. These have presumably an important function in
heat shock regulation (Taylor et al, 1984; Neidhart et al,

1984).

A multiplicity of sigma factors is clearly not the preserve of
Bacillus: other Gram-positive differentiating organisms have
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also proved to have several RNA polymerase forms eg. Strepto-

myces coelicolor (Westpheling et al, 1985), and it is antici-

pated that, as for HtpR, sigmas will be found for special sets
of genes having in common conserved promoters eg nif genes of

Klebsiella (Buck et al, 1986).

In Table 3A&B the regions of significant homology between B,
subtilis and E. coli sigma factors are shown. There are th
main regions that seem to be conserved. One is presumably the
RNA polymerase core binding area, the other shows the parallel
a-helices which are a general feature of well-characterized
DNA-binding proteins (Takeda et al, 1983).

W ! -k Si
Among the 'phage-encoded sigma factors the SPO1 dgp28' and
6gp33-34 genes (whose gene products seem to act synergisti-
cally) have been cloned (Constanzo & Pero, 1983; Constanzo et

al, 1984 resp.). The latter 2 genes overlap by 4 bp.

Surprisingly, while gp28 competes with host 643 efficiently
for core polymerase also jin vitro (Chelm et al, 1982), the two
proteins share little or no homology (Gitt et al, 1985). Simi-
larly, the M_ 28,000 peptide (analogue of 6%P28) of sPO1-re-
lated phage SP82 can associate with E, co0li RNA core polyme-
rase to allow specific binding to and trénscription from mid-
dle gene promoters (Achberger & Whiteley, 1980). 6IP28 a5
however very limited homology with the major E. coli 4 factor,

6% (Burton et al, 1981; Constanzo & Pero, 1983).gp>> and
gp34 showed neither significant homology to each other nor to
gpze, which is rather larger.

However, Gribskov & Burgess (1986) have made a more sophisti-
cated statistical analysis of the 7 known sigma factor seq-
uences, and find that all belong to a family of homologous
proteins. Each protein could be shown to be significantly re-
lated to at least one of the others, for each element of struc-
ture tested. Though not included in this study,sigma-37 clear-
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ly also belongs to this family (Binnie et al, 1986).

Conserved structural features are shown in Table 3C. Region 1,
highly conserved and present only in sigmas -43 and -70, is
proposed to account for the weaker binding of the major sigma
factors to core, relative to the high affinity shown by the
minor or phage-encoded forms. Region 2 is proposed to involve
core binding. Sigmas -70, -43 and HtpR each have 2 copies of
the helix-turn-helix characteristic of DNA-binding proteins
(Regions 3 & 4). In the other sigmas, only onelsuch was detec-
ted by the analytic method employed. These are proposed to in-
teract directly with -10 and -35 regions, possibly in co-ope-
ration with other polypeptides.

Isolation of mutants with predictable phenotypes would streng-
then these hypotheses.

I.3.13 ©Sigma Factors as Re2gulatory Targets .
Mutations in the E. coli rpoD (sigma-70) gene have been iden-
tified as increasing the expression of araBAD in the absence
of CAP-cAMP (Hu & Gross, 1985). Although the basis for cata-
bolite repression in B. subtilis is different, the grsA47/
rpoD47 mutation similarly abolishes the glucose repression of
sporulation in B, subtilis (Takahashi, 1979; Price & Doi, 1985)

and suppresses spoOB,spoQE,spoOF, spoOK mutations (Leung et al,
1985).

I.4: General Regulation of Gene Expression in Bacillus

I.4.1 _Control of Exoenzyme Synthesis
Many genes, including those coding for the sporulation process,

and exoenzymes, are under general regulation eg catabolite re-
p:ession, and possibly stringent control.

Together with sigma factor modification of RNA polymerase,
these general mechanisms either directly, or indirectly by
their effect on sporulation, together with other regulato-
ry loci combine to control exoenzyme synthesis in Bacillus.

- 40 =



The map shown in Figure 3 indicates the chromosomal location
of some of these loci.

Below is a summary of currently-held perceptions of how these
different factors contribute to exoenzyme regulation.-

I.4.2 Catabolite Repressjion
In B, subtilis, provided that a utilizable nitrogen source is

available, glucose (or another rapidly metabolizable carbon
source) will inhibit sporulaticn (Schaeffer et al, 1965). The
addition of glucose after Ty 5 however (i.e.later than 30 mins.
after the cessation of exponential growth) has no effect i.e.
the cells are then "committed" to sporulation, and resistant
to glucose repression (Schaeffer, 1969).

Glucose also exerts an inhibitory effect on exoenzyme synthe-
sis, both directly and indirectly (reviewed by Priest (1977))
and an expression of a number of genes unrelated to sporulation
eg. that for acetoin dehydrogenase (Takahashi, 1979).

The mechanism of glucose repression in bacilli is obscure rela-
tive to that in E. _coli, but even in this system much is still
conjectural.

I.4.2.1 Cyclic Nucleotides
In E. ¢coli, the cAMP intracellular concentration rises when
glucose is limiting. cAMP together with its receptor protein

CRP or CAP, acts as a positive effector for genes sensitive

to catabolic repression, binds to the gene close tc the trans-
criptional start site, and facilitates RNA polymerase binding
(Rickenberg, 1974). However, cAMP seems not to be a universal
regulator and has not been found in B, _megaterjum (Setlow,
1973), B, licheniformiz (Bernlohr et al, 1974) or B, _subtilis
(Hanson, 1975).. Furthermore, enzymes for its synthesis and de-
gradation were not detectable in B._pumilis, B. _cereus, B. sub-
tilis (Ide, 1971) or B. _mecaterium (Setlow, 1973).
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FIGURE 3

PARTIAL GENETIC MAP OF B. SUBTILIS

adapted from Piggot & Hoch (1985)
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Another cyclic nucleotide besides cAMP viz. cGMP has also been
implicated in catabolite repression. It seems to act as an an-
tagonist of cAMP: Levels of intracellular cGMP in E._coli were
inversely proportional to cAMP, and showed a direct relation-
ship to growth rate (Bernlohr et at, 1974). A direct connection
between cGMP levels and expression of catabolite-repressed.en-
zyme beta-galactosidase was demonstrated in _vivo: addition of
cGMP inhibited transcription in intact cells and this reqﬁired
functional cAMP receptor protein (Artman & Werthamer , 1974). A
mutant CRP has also been found, which was altered so as to be
activated jn vitro by cGMP instead of its normal effector cAMP
(Sanders & McGeoch, 1973).

In contrast to cAMP, cGMP has been found in B, licheniformis.
As with E. coli, levels are proportional to the growth rate,
but there is also a sharp increase in sporulating cells (Bern-
lohr et al, 1974).

I1.4.2.2 Catabolite Repression of Inducible Enzymes

glnA and gltA mutants have been found where several genes in-
volved in carbohydrate metabolism, and normally under catabo-
lite control, are pleiotropically affected (Fisher & Sonenshein,
1984; Fisher & Magasanik, 1984 resp.). It is known that gluta-
mine synthetase, the glnA product, is autoregulated, and that
both ATP and glutamine are required in addition to the enzyme in
order to repress synthesis (Schreier & Sonenshein, 1986).

It has been demonstrated that in mutants displaying a "catabo-
lite resistant" sporulative ability, catabolite repression of
the inducible enzyme acetoin dehydrogenase is not necessarily
similarly affected (Takahashi, 1979), suggesting that several
mechanisms for catabolite repression may operate.

A clear demonstration that in E. coli and B, subtilis the cata-

bolite repression systems are mechanistically different comes
from examination of the expression of the B, subtilis o-amy-
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lase gene in the 2 organisms. On a high copy plasmid, in B,
subtilis the cloned gene is expressed in the same way as the
chromosomal copy viz. post-exponentially and subject to repres-
sion by added glucose. The amyR1 allele gra-10 abolishes glu-
cose repression, but permits temporal activation. In E. coli,
however, the synthesis of G-amylase from the Wwt clone is con-
stitutive and not glucose-repressible (Nicolson & Chambliss,
1985).

I.4.3 The Stringent Response, Highly Phosphorylated Nucleotides
and Sporulation Initiation

In E. coli under conditions of amino acid starvation, the
"stringent response" 1is invoked to adjust the cell's metabo-
lism to suit environmental conditions. ppGpp and pppGpp are
synthesized with the help of "Stringent Control Factor' from
GTP (Fiil et al, 1977). The beta subunit of RNA polymerase has
been shown to interact directly with ppGpp: some beta mutants
are "relaxed" in the presence of high levels of ppGpp (Glass
et al,1986).

RelA mutants, defective in stringent control, do not synthe-
size (p)ppGpp (Cashel & Gallant, 1969). B, subtilis cells star-
ved of either a carbon or nitrogen source, eg. amino acids,
will sporulate. Highly phosphorylated adenosine nucleotides
were found in sporulating cells, but not under conditions
where sporulation is inhibited, and it was suggested that
they somehow trigger sporulation. Ribosomes from vegetative
cells synthesize (p)ppGpp. Howeverh "relaxed" mutants of B,
subtilis were found to sporulate normally even although the
highly phosphorylated guanosine nucleotides were not synthe-
sized, so it appeared that the stringent response was not
needed for sporulation initiation (Rhaese et al, 1976).

When B, subtilis is starved for amino acid(s), an increase in

(p)ppGpp is seen, as well as an inhibition of IMP dehydrogen-
ase, the first enzyme in the synthesis of guanosine nucleotides.
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It was demonstrated by the use of specific inhibitors decoyi-
nine and mycophenolic acid (which inhibit GMP synthetase and
IMP dehydrogenase resp.), where a drop in GDP or GTP could be
induced without a concomitant rise in "magic spots" (p)prGppP
~occurring, that sporulation could be triggered in both Rel’ and
reld strains, even in the presence of excess nutrients. It is
believed that ié is the drop in GTP levels that is the actual
initiation trigger (Vasantha & Freese, 1980; Ochi et al, 1981).

It has been suggested that the morphologically altered prote-
ase-nonproducing cclonies that commonly arise in large-scale
fermentations of B, licheniformis are ;gl+ revertants (Fran-
kena et al, 1985).

In addition to changes in levels of guanosine nucleotides, fac-
tors which can be supplied extracellularly are required for
sporulation initiation. Studies with preconditioned media show
that factors dependent on spQQC,-0OK,-QH, and ~0J, but not gpoQA,
or -QB are needed, and will allow cells at low density to spo-
rulate (Grossman, personal communication). (Note that gpoQC de-
notes lesions situated C-terminally in the gpoOA gene product,
which are less pleiotropic in effect than gpoQA).

I1.5: Specific Regulatory Loci for Exoenzyme Synthesis

Inducible enzymes such as levansucrase (LVS) are not considered
separately here. Recent accounts of the contrel of sacB are av-
ailable (Steinmetz et al, 1985; Aymerich et al, 1986 ;Shimotsu & Henner

1986) .
I.5. 1.1 o-Am s ion: vR1;-
The 3 strains 2. subtilis 168, B, subtilis natto and B, amvlo-
sacchariticus (SAC) secrete a-amylase post-exponentially ap-

proximately in the ratio of 1:5:15 respectively. Transforma-
tion experiments indicated that a regulatory element that was
tightly linked to the structural gene amyE controlled the le-
vels of enzyme produced. Relatively low synthesis was attribu-
ted to the amyR1 allele of B. subtilis 168, and the higher pro-
duction of B, subtilis natto to amvR2 (Yamaguchi et al, 1974b).
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The amyR3 regulator of SAC is identical to amyR2 (Yoneda et al,
1974); the exceptionally high production by this strain is due
+0 a mutation at another locus (pap) that also affects other
functions (see I.6.1).

The amyR1 locus has been characterized, and comprises about

280 bp upstream of amvyE. There are 3 possible promoters, based
on examination of the sequence, with 3 typical SD regions with-
in 150 bp of the translational start. Apart from P2 (643-type),
they are difficult to categorize. Mapping of the transcription-
al start has not been reported, but the removal of P3 and all
material downstream of it in a transcriptional fusion did not
affect either temporal activation or glucose repression of
transcription (Nicholson et al, 1985).

The gra-10 allele of amyR1 abolishes catabolite repression se-
lectively, while allowing temporal activation of G-amylase in
stationary phase. gra-10 exerts this effect only in ¢gis (Nichol-
son & Chambliss, 1985; 1986 .).

The amyR2 locus has also been studied (Yamazaki et al, 1983).
In addition to conferring a catabolite repression-resistant
expression in the same way as gra-10 (Nicholson & Chambliss,
1986), it has much in common with the regulatory region of the
a-amylase gene from B. amvloligquefaciens (Lehtovaara et al,

1984). An AT-rich region including an inverted iepeat resem-
bling a transcription terminator was proposed to account for
the amylase hyperproduction of amvR2 strains, by elimination
of putative interference by transcription read-through from a
site far upstream. Removal of the repeat reduced expression of
B. amvloliquefaciens d—amylase by 70%. Removal of the promoter
of an upstream operon restored high yields, confirming Yamaza-
ki's hypothesis (Kallio, 1986). The amyR2 locus is resistant
to catabolite repression but only allows expression of d—amy—
lase in stationary phase. (Nicholson & Chambliss, 1985).

It should be noted that o-amylase synthesis in most bacilli
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seems to be partially inducible - yields are higher when the
growth medium contains starch (Priest, 1977; Sibakov, 1986 ).

I1.5.1.2 Tunicamycin Resistant Mutants & amyE Amplification

After mutagenesis, tunicamycin resistant mutants with specifi-

cally raised c-amylase production were isolated, and the muta-
tion mapped near amyR (Nomura et al, 1978). It has subsequent-
ly been shown that amplification of the region of the chromo-
some carrying both themR gene and amyE had occurred (Hashigu-
chi et al, 1985, 1986). The sequence that is required for am-
plification has been identified (Mori et al, 1986).

The strain B, suybtilis natto secretes about 15-20 times more
neutral protease than does B._subtilis 168.

The ratio of NPR/APR secreted by strain natto is 13, and in the
case of B, subtilis 168 it is 1. Increased NPR production can
be conferred on strain 168 by transformation with DNA from
strain natto. Isoclation of mutants with altered enzyme eta-
blished that pnprR and the structural gene pnprE are tightly
linked loci (Uehara et al, 1979). By analogy with g-amylase,
two regulatory loci nprR1 and =R2 were proposed, where the
latter is responsible for hyperproduction (Uehara et al, 1974).

Experimental confirmation of this hypothesis has recently been
obtained. The nprR2 locus from an overproducer lacks an area
of dyad symmetry (centred about 100 bp upstream from the ini-
tiation codon), which is present in pprR1. This is due to the
lack of a 66 bp sequence present in the wild-type, and which
may be the target site for a regulatory protein. Start points
for transcription of ppr are apparently the same in both wt
and overproducer, but transcription in the latter rises more
dramatically after exponential growth is over (Toma et al,
1986). '



1.6 Pleiotropic Regulation of Exoenzymes
A number of pleiotropic mutations affecting not Jjust exopro-

tein production, but also other seemingly unrelated features
have been described by numerous authors. A bewildering array
of phenotypes has been described, but in recent years it has
become clear that many of the independently investigated mu-
tants are alleles of one and the same locus. Difficulties in
correlating disparate reports arise as various groups select
their mutants and investigate them from a slightly different
viewpoint, emphasizing certain aspects more than others, so
the same features are not always studied. The cloning of some
of these loci is Jjust beginning to contribute to the understan-
ding of the mechanism by which they exert their effect.

I.6.1 Ppap, sacU, amyB

pap mutants, displaying simultaneously increased protease and
o-amylase synthesis, were first described by Yoneda & coworkers.
Other features apparently conferred by a single lesion are loss
of competence, filamentous growth (Yoneda et al, 1973; Yoneda &
Maruo, 1975), decreased autolytic enzyme activity, and loss of
flagella (Ayusawa et al, 1975).

While amylase levels were raised 2-3 times, exoprotease activi-
ty was increased 5-16 times, and this was shown to involve both
major enzymes; although the effect on APR levels was more mar-

ked (Yoneda & Maruo, 1975).

A positive synergistic effect on amylase or NPR production is
achieved by combining the pap mutation with either amyR2 or
nprR2 resp. (Yoneda et al, 1973; Yoneda & Maruo, 1975).

Two amyB sequential mutants both had increased d—amylase secre-

tion, but one was motile and produced lower amounts of exopro-
teases, while the other was non-motile and had greatly raised

exoprotease production (Sekiguchi et al, 1975).

The sacUh mutation leads to increased levansucrase (50-100
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times), exoprotease (5-10 times) and a-amylase (2-3 times)
production, to the ability to sporulate under conditions in-
hibitory to the wild-type, and sometimes to the loss of moti-
lity (Runst et al, 1974).

-

It has been established that pap-9,amyB and §agUh, with

their similar phenotypes, have a common locus (Steinmetz et al,
1976).

The sacU wild-type locus has been cloned, and in E. coli mini-
cells, a protein of Mr46,000 is the gene product. A component
of the same size is missing from membrane extracts of gsaclU mu-
tants (SacU phenotype: greatly reduced levansucrase levels),
and is found in higher than wild-type amounts in SacUh mem-
branes. This protein is not flagellin (Mr 36,000). Compari-

h

son of levansucrase mRNA levels in sacU and sacU" cells sug-

gested that the gaclU gene product acts post-transcriptionally
(Aubert et al, 1985). However, it has been shown more recent-
ly that sacB mRNA levels are in line with LVS secretion in the

various sacU backgrounds (Aymerich et al,1986). This data has

been supplemented by the demonstration that a presubtilisin
translational fusion with lacZ involving only 8 codons of the
signal sequence, when present in a single copy in a sacU32
background, gives 7-fold higher levels of B-galactosidase than
does the parental strain (Ferrari et al, 1986). If the gacU
product indeed affects a post-transcriptional step, the target
of action lies 5' of the 8th codon in the signal sequence; ini-
tiation of translation is one possibility. Secretion cannot be
the regulatory target in the case of this cytoplasmic fusion

protein.

A mutant div-341 has been described which grows filamentously
at the non-permissive temperature 45°c. At 37°C the mutant has
lowered exoenzyme synthesis, sporulation and competence rela-
tive to wt. Div-341 maps very close to saclU and may be an al-
lele of the same locus. In a double div—341sacUh

xed phenotype is obtained (Sadaie & Kada, 1985).

mutant a mi-
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I1.6.2 sacQ
The sac036 mutation is less pleiotropic. than is sacU
leads "only" to increased production of levansucrase, AFPR, NPR

h, and

and a-amylase (Kunst et al, 1974).

It was thus believed to have an effect on secretion, as apart
from all being exported, the affected proteins are under rather
different control: while a-amylase and proteases are produced
post-exponentially, LVS is synthesized only in vegetative

growth on sucrose.

The gene has been cloned from B, amvloligquefaciens (Tomioka et
al, 1985; Yang et al, 1986) and from B, subtilis wild-type and
sac036 (Yang et al, 1986). The 2 genes are almost identical,
and encode a 46 AA polypeptide.

The sacQ36 mutation was found to be an "up"-promoter mutation:
it is a single base change at -10 from the transcriptional
start, and leads to higher levels of sacQ message in stationa-
ry phase. This was demonstrated with a sacQ-lac? integrated
translational fusion (Yang et al, 1986). The alteration does
not lie in a sequence resembling a characterized RNA polymer-
ase recognition site.

Hyperproduction of exoprotease can also be achieved with the
wild-type sacQ locus on a high copy plasmid, so elevated le-
vels of the gsacQ gene product evidently account for the sacQ3é
phenotype.

A translational .fusion of B. subtilis pre-subtilisin (é codons
of the signal sequence) and p-galactosidase in a sacQ36 back-
ground leads to higher levels of the fusion products, suggest-
ing that sac036 effects the hyperproduction phenotype at a
stage prior to secretion, since here the fusion product is cy-
toplasmic (Yang et al,1986).
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The role of gacgl in wild-type cells is obscure: partial dele-
tion of the coding sequences did not discernably affect wild-
type levels of (neutral)protease or:QG-amylase production, and
sporulation was unaffected. The gacQ36 phenotype was however
‘abolished from the mutant, and exoenzyme production returned

to wild-type levels.

I1.6.3 hpr, scoC and cata

These loci map in the same area and are probably alleles. The
phenotypes include hyperproduction of exoprotease and defects
in sporulation control eg. delayed, or catabolite- repression-
resistant sporulatiocn.

A high protease (Hpr) phenotype (16-30 fold higher) was descri-
bed where G-amylase production was unaffected. NPR levels were
elevated 10-fold, APR about 2-fold (Prestidge et al, 1971; Hi-
gerd et al, 1972).

In various hpr mutants, an integrated translation fusion of

presubtilisin (first 8 codons) and lacZ, under the control of

subtilisin upstream regulatory sequences, gave 16-fold higher
B-galactosidase levels than did wild-type (Ferrari et al, 198¢6).

catA mutants, selected for the ability to sporulate in the pre-
sence of glucose, secrete elevated levels of protease and this
secretion is likewise not repressible by glucose, whereas his-
tidase remains under glucose control. catd is hypostatic to
SpoOA,-0B mutations as double mutants are Spo and do not se-
crete protease (Ito & Spizizen, 1973).

Some (not all) spore control mutants (Sco), selected for the
ability to secrete protease under catabolite inhibitory condi-
tions, mapped at a locus, scoC that could not be distinguished
from catA in genetic crosses (Milhaud et al, 1978). APR prod-
uction was especially affected. Careful experiments showed that
the "catabolite-resistant" phenotype is in fact a matter of
degree. While scoC and catA mutants are also sensitive to addi-



tion of glucose to the medium (it delays sporulation and inhi-
bits protease production), they develop resistance to catabo-
lite repression earlier in growth than does wt, and recover
more quickly from glucose addition (Dod & Balassa, 1978). The
timing of glucose addition was crucial. In general, the glucose
effect was less marked in mutants if added prior to To. Addi-
tion of glucose between To and T, actually stimulated APR
production in the mutants dramatically. It appeared that exo-
protease control was under catabolite control both directly,
and indirectly by control of sporulation.

The ability to sporulate under ccnditions where the wild-type
cannot (eg. catldA, scoC) can be associated with the hyperpro-
duction of protease also in B, cereys, where mutants able to
sporulate in exponential growth have been isolated. These "de-
repressed” sporulation mutants included many purine auxotrophs,
and the other phenotypes were correlated with the auxotrophy.
Selection for purine auxotrophs instead of protease overpro-
duction also yielded such mutants (Levisohn & Aronson, 1967).
Presumably the GTP levels needed for stringent control are not
available (Ochi et al, 1982).

I.6.4 Othexr Cloned Pleiotropic loci
There are reports of cloned fragments from other Bacillus spp.

that enhance production of exoenzymes. The prtR locus, from B,
subtilis natto leads to increased NPR, APR and LVS secretion,
as well as causing filamentous growth in the strain carrying
the clone in multiple copies. An open reading frame of 60 co-
dons, encoding a highly charged polypeptide (42% charged AAS)
is believed to constitute the gene (Nagami & Tanaka, 1986).
The resemblance of the PrtR phenotype with giguu is striking,
but the size of the gene product cannot be correlated with the
gacU data of Aubert et al (1985).

A gene from B, licheniformis enhances APR, NPR, G-amylase and

RMAase production in B. subtilis cells carrying the locus on a
plasmid (Okada et al, 1984).
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No other data such as mapping, is as yet available, so the re-
lationship, if any, to the loci already discussed is still un-

clear.

I.6.5 Stage O Mutants

I.6.5.1 Hierarchy of spoO loci

There are 10 spoO genes: spoQA,-QB,-0D,-0E,-QF,-0G,-0H,-0J,-0K,
-0L.

The stage O sporulation (spoQ) mutations have pleiotropic ef-
fects on exoprotease and antibiotic production, the develop-
ment of competence, susceptibility to 'phage, and on transcrip-
tion by minor forms of polymerase (Brehm et al, 1973 and refs.
below). Cloning of these genes, identification of products and
lesions, as well as characterization of intergenic suppressors
is beginning to elucidate their mode of action. '

SpoQA and -Q0B mutations are the most pleiotropic and were be-
lieved to be concerned with sporulation initiation (Hoch, 1976;
Hoch et al, 1978). The spo0 loci were placed in a hierarchy by
Piggott & Coote (1976).

Table 6: Hierarchy of spoO Loci

PROTEASE ANTIBIOTIC COMPETENCE
SpoQA - - -
-0C + + +
Spo0OB +/- - +
Spo0G - - +
SpoOD + - +
SpoOE +/- variable -
SpoOF +/- - +
SpoOH + + -
+/- variable -
SpoCJ + + -
SpoOK + - -
While spcOA and -QC could be differentiated (Michel & Cami,



1969; Hoch et al, 1978) they are alleles of one locus. spoOC
mutations are more weakly pleiotropic, presumably since they
are now known to be alterations in the extreme C-terminus of

the spo0A coding sequence (Ferrari F.et al, 1985).

o0 G s W . s
Activators

It has already been mentioned that spoVG transcription in vivo
requires spoQ functions in addition to E643, E637, and EG>?
(0llington et al, 1981; Johnson et al, 1983; Zuber & Losick,
1983). It is clear that the spoO gene products are present in
very low amounts: propagation of the spoVG promoter region on
a multicopy plasmid inhibits sporulation (Banner et al, 1983).
The level of expression of a gpoVG-lac2 transcriptional fu-
sion on a high copy plasmid is only 2-3 fold higher than in
cells with one copy of the fusion (Zuber & Losick, 1983). The
multicopy phenomena are most easily explained by assuming ti-
tration of a trans-acting factor. At the same time, propaga-
tion on a plasmid abolishes the need for certain gpoQ func-
tions (spoOA, -OB),but not for spoOH (which encodes 632
ghton, personal communication) and also affects the timing of

, Lei-

expression: significant B-galactosidase synthesis is seen prior
to To (Zuber & Losick, 1983 & personal communication regarding
the use of a gpoOH deletant). It was suggested that supercoiling
of promoter DNA in the plasmid was supplanting the possible ac-
tions of gpoOA or -0B, but similar disproportionately low le-
vels of B-galactosidase activity were obtained when integrated
copies of the spoVG-lacZ fusions were caused to amplify.

It should be noted, however, that having many copies of a
spo-regulated promoter does not always eliminate the need for
one or more sporulation gene products in order to get expres-
sion. One such example is the cat-86 gene of B, pumilus (Mong-
kolsuk & Lovett, 1984), another is a cryptic gene from an al-
kalophilic strain that is expressed at T8 (Kudo et al, 1985).
¢tc however, which is, like gpoVG, transcribed by 2632 and
E637, is independent of spoO functions (0Ollington et al, 1981).
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The promoters P28-1 and P28-2 "read" by £628 are
dependent on certain gpoQ (-QA,-QB,-QE,-CrL) functions, but
+his dependence is abolished by intergenic suppressor rviall
(Gilman & Chamberlin, 1983). xvtAll (Sharrock et al, 1984)
has exactly the same phenotype as does s9f-1 (Hoch et al,
1965) viz. it confers the ability to sporulate in the pre-
sence of alcohol, glucose, and suppression of spoQB, -QOE and
-0F even in the presence of glucose, but not of gpolJ, -0H,
-0K. Scf-1 has been shown to be a single base change in the
12th codon of the gpoQA gene (Hoch et al, 1985).

The gpgOA and gspoQr genes have been cloned and code for pro-
teins of Mr 29,000 and 14,000 resp. (Ferrari et al, 19895;
Ikeuchi et al,1986; Trach et al, 1985). The gpoQF gene product
is 56% homologous (AA) with the N-terminal region of spoOA.,

and 2° structure predictions are identical for the 2 proteins.
Both are homologous to the N-terminal domains of E, c¢oli pro-
teins OmpR and SfrA that are known to regulate transcription

0of membrane components. In addition, the C-terminal region of
SpoOA shows a significant homology to SpoOB. A direct interac-
tion with RNA polymerase is proposed for spoOF and 3poQA products.

The synthesis of SpoOF itself is under glucose control (Saito,
personal communication): An integrated fusion of gpoQF - G-amy-
lase gives a-amylase synthesis only in the absence of glucose

or in a g¢rs background. Moreover, low-abundance positive regula-
tory factors must be involved in activating gpoQF: having the
gene in high copy inhibits sporulation, for which the gene pro-
duct is absolutely required. A deletion of spoQF coding sequen-
ces abolishes sporulation entirely (Kawamura & Saito, 1983).

g 3 £ < i Subtilisj ssi
The effect of spoQ mutations on levels of a translation fusion
between the first 8 codons of presubtilisin and B-galactosidase
has been examined. The fusion gene was under the control of the
subtilisin upstream regulatory sequences, and was present in
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only 1 copy per chromosome.

The decrease in expression of B-galactosidase, which expres-
sion was strictly confined to stationary phase in all experi-
ments, was qualitatively in accordance with expectations in
the various gpo0O backgrounds (see "Hierarchy" of Pleiotropy
in I.6.5.1). However, the effects were undramatic by compari-
son with earlier data on characterization of the spo0 mutants
themselves: spoOA exerted a 10-fold inhibition, spoOH,-0E,-OF,
-0B were similar in giving approx. a 5-fold inhibition, and
spo0J none at all with reference to the wild-type strain (Fer-
rari et al,1986). When the subtilisin promoter (or gene fusion)
is present on a high copy plasmid in a gpoQOA background, B -ga-
lactosidase from an integrated (or plasmid-borne) fusion gene
is expressed at "wild-type" levels, suggesting the titrating
of a neggtive regulator by the promoter region . Even where
spoQA regulation is thus "overcome", another level of control
operates to confine expression to stationary phase. Either ca-
tabolite repression, or an inducer that first appears in late
log phase may be responsible. These results contrast with
those from multicopy spoVG-lacZ fusions, where expression is

seen in exponential phase (Zuber & Losick, 1983).

1.6. 5.4 The Involvement of 643'in Sporulation Initiation
As discussed above, the spoQA allele sof-1 (rvtAll) confers a
catabolite-resistant sporulation phenotype (Crs), the ability

to sporulate in the presence of alcohol (Ssa phenotype, which
otherwise induces a gpoQ-like phenocopy), as well as being able
to suppress gpo0B,-0E and OF mutations fully (Hoch et al, 1985;
Sharrock et al, 1984; Kawamura & Saito, 1983).

It has been shown that crsA47,-4,-1 mutations, that likewise

confer catabolite-resistant sporulation, relief from catabolite
repression of some enzymes, and the ability to sporulate in the
presence of alcohol, all involve a two base change resulting in
a single AA alteration (Pro-->Phe) in the rpoD gene product viz.



sigma-43. ¢rsA47 will suppress spoOE,-QF,-QK fully, and spo0B,
-0J and -Qp partially (Price & Doi, 1985; Leung et al, 1985;
Zawamura et al, 1985). In turn, ¢rsA4? can itself be suppressed
by some spoQA,-0D,~-0F~QK and non-spoQ mutations (Kawamura et al,
1985; Sun & Takahashi, 1985).

I.6.5.5 Other Extragenic Suppressors of Sporulation Mutations:
Netw oncept

The Crs phenotype (grsC,-D,E,F loci) can be suppressed by the

rif-11 allele of the RIA polymerase B-subunit (Sun & Takahashi,

1985). ¢rsE has been shown to constitute the rpoBC operon, en-

coding subunits B and B' (Leighton, personal communication).

In E_coli, one ts B' mutant displays a "stringent response"
as regards rRNA synthesis in the absence of ppGpp accumulatioen, .
and can be considered a similar phenomenon (Oostra et al, 1981).

Everything thus points to the action of gpo mutations and many
of their intergenic suppressors acting via the transcriptional
machinery.

Another partial suppressor, abrB, restores some features to
spo0A and -0B mutants (but not sporulation ability), and is be-
lieved to act via ribosomal protein alterations (Trowsdale et
al, 1979). rev-4 partially compensates for sporulation defects
caused by alterations in the transcriptional and translational
machinery, and is believed to involve membrane alterations
(Sharrock & Leighton, 1982).

It seems though, that sporulation is rather flexible, and

should be considered to be a regulon, or "network"; it can take
place by "bypassing" a step rather than, as was first assumed,
being a process involving a rigid consecutive developmental pro-
gram (Ballassa, 1969). The extragenic suppressors demonstrate
that some gpoQ products are neither unigue nor escential. As
yet,however, no suppressors of spoQH (632) have been isola-



ted.

Thus certain mutations in spoO2A and xpeD can render environ-
mental signals (eg. nutrient availability) and other spoQ
functions redundant and allow sporulation to proceed (Price &
Doi, 1985).

Another example of flexibility is the gene product of spollG,
viz. sigma-29. It can accumulate in one early-blocked strain
(spo0J, but not in most other gpoQ strains), and yet fails to
be expressed in several stage II (and possibly stage III mu-
tants), which have progressed to a much more advanced stage
(Trempy et al, 1985b).

I.7: Translational Control of Expression

Physiological control of expression can take place at the level
of translation. Two of the many possible regulatory variables
are (a) the rate of translation initiation and (b) regulation
of elongation rate by codon choice (ie tRNA availability). Both
need to be considered when evaluating B, subtilis as a ‘host for
heterologous dene expression, for such mechanisms could prove
an effective barrier to expression.

I.7.1 Translational Initiation in E. coli

Initiation of protein synthesis by procaryotic ribosomes in-
volves selection of a site on mRNA by the 30S ribosomal sub-

unit.

This site includes the following features: a polypurine Shine-
Dalgarno (SD) region (Shine & Dalgarno, 1974) which is comple-
mentary to a variable extent to the 16S rRNA 3'-end, an ini-
tiation codon, and the appropriate spacing between these fea-
tures, commonly 3-11 nucleotides (Gold et al, 1981).

There is no correlation between spacer length and the "strength"
of the ribosome binding site (RBES); moreover,application of



the structural criteria listed above cannot distinguish func-
tional from non-functional E. _c¢oli ATG initiation codons (Stor-
mo et al, 1982).

It is evident that other, less easily defined features influ-
ence initiation. The sequence of the "spacer region" can con-.
tribute to initiation efficiency (De Boer et al, 1983, Hui et
al, 1984). An examination of 29 mRNAs showed that many are
characterized by the potential for stem-loop formation , where
the SD is found in a non-helical section, but the initiation
codon often in a stem (Selker & Yanofsky, 1979). Alterations
upstream from the RBS can have dramatic effects on translation
efficiency (Iserentant & Fiers, 1980; Queen & Rosenberg, 1981;
Hall et al, 1982; Kastelein et al, 1983), and secondary struc-
ture considerations have been invoked to explain these obser-
vations.

I1.7.2 Codon Usage in E. coli and B. subtilis

It is known that in E 0li, iso-accepting tRNA species are
present 'in different molar amounts (Ikemura, 1981). Highly
expressed genes are made up of codons corresponding to abun-
dant tRNA spp. This is not the case for weakly expressed genes
whose products are needed in relatively low amounts (Grosjean
& Fiers, 1982). It has been suggested that codon choice and
relative tRNA abundance have more to do with the energetics of
proof-reading than with elongation rates per se as far as abun-
dant proteins re concerned (Holm, 1986). In B. subtilis, dif-
ferent profiles of iso-accepting tRNA species have been found
for vegetatively growing cells, and spores (Vold, 1973).

Comparison of a data base of 16,351 and 6,121 codons for E,
coli and B. subtilis respectively, indicates that whereas E.
coli often has a pronounced bias towards use of one codon, B.
subtilis tends to use alternative codons more evenly (Piggot
& Hoch, 1985)..A more detailed analysis, where homologous

genes from the two organisms were compared, as well as vari-



ous categories of Bacillus genes (such as 3pQO genes, those

for secreted enzymes, and genes expressed late in sporulation),
came to a similar conclusion (Ogasawara, 1985). In B, _subtilis
ribosomal protein genes however, and gvrA.,B, there were several
codons that were not used at all, or were underused, in paral-
lel with the counterpart genes in E, _¢oli. From this study, it
would appear that "rare" codons are unlikely to limit the tran-

slation of foreign messenger RAs in Bacjllus.

It should be mentioned that a non-AUG translation-initiating
codon ( viz. GUG or UUG) is significantly more frequently found
in B, subtilis (and other Gram-positives) than in E. c¢oli (29
vs 3%; Hager & Rabinowitz, 1985a).

s [ - iyve
It has already been mentioned that B, _subtilis, does not share
E. coli's characteristic ability to express genes from a wide
variety of sources. Transcriptional differences between the or-
ganisms were discussed. It is however, at the translational le-
vel that considerable restriction of heterologous gene expres-

sion takes place in Bacillus.

Failure to obtain phenotypic expression of genes from Gram-
negative sources in Bacillus subtilis is reflected in in_vi-
tro experiments with cell-free transcription-translation
systems. Thus while salt-washed ribosomes of both Gram-posi-
tives and Gram-negatives will synthesize up to 30% as much
protein in the absence of salt-wash as they do when salt-wash
is present on mRNAs of Gram-positive origin, Gram-positive
ribosomes are extremely inefficient in translation of mRNAs
from Gram-negative sources, even in the presence of salt-wash
(Stallcup et al, 1976; Sharrock et al, 1979; McLaughlin et al,
1981b).

Ribosomal salt-wash from Bacjllus subtilis can substitute ful-
ly for the E. _c¢o0li wash in effecting translation of T7 mRNA by



E. coli ribosomes (McLaughlin et al, 1981b) and can therefore
be presumed to contain similar translation-stimulating fac-
tors. Conversely, the results from heterologous systems point
to the salt-wash-independent translation of Gram-positive mRNAs
being due to some inhereat property of these mRNAs.

E._coli st ribosomal protein (30S subunit) was demonstrated to
improve utilization of £2 RNA by B. stearothermophilus ribo-
somes (Isono & Isono, 1975), but has no effect in the B, subtji-
lis system with the same template or T7 mRNA. Addition of puri-
fied IF factors to the transcription-translation system indi-
cates that IF3 is largely responsible for the stimulatory ef-
fect of salt-wash (McLaughlin et al, 1981b). This factor has
been proposed to enhance translation by dissociating the 70S
subunit (Godefroy-Colburn et al, 1975), and as.this can be
promoted by Bacillus mRNA, it may account in part for the orga-
nism's independence from this factor (Sharrock & Rabinowitz,

1979).

I.7.4 The Gram-Positive Shine-Dalgarxrno Homology

It had been observed that the degree of dependence on IFs and
S1 for effective initiation at different R17 RNA translation
initiation regions was inversely proportional to the comple~
mentarity of templates to the 3'-end of 16SrRNA: the greater
the extent of complementarity, the more stable the 305 - mRNA
complex, and the less essential were the IF factors (Steitz et
al, 1977). The hypothesis was thereafter put forward by Rabi-
nowitz & coworkers that for translation to occur in the B. _sub-
tilis system, a stronger Shine-Dalgarno complementarity was
required. Examination of several Gram-positive initiation re-
gions supported this view, and explains why poor translation
of Gram-negative mRNAs occurs in Gram-positives (McLaughlin et
al, 1981a; Moran et al, 198:2a). Indeed, since then a large
number of genes from Gram-positives have been characterized,
and these invariably show impressive Shine-Dalgarno homology,
while the "spacing" of RB3 relative to the initiation codon is



similar in E. coli and B, subtilis. The free energies of for-
mation of hybrids between mRNA and B, subtilis 165 rRNA average
- 16.7 (+/- 2.3) kcal/mol, whereas in Gram-negatives this fig-
ure is significantly lower viz. -10.9 (+/- 3.4) Kcal/mol (Hager
& Rabinowitz, 1985a).

Experimental in vivo support for the strong Gram-positive SD
hypothesis came from the use of a "shuttle-vector' carrying a
promoterless CAT gene, which was transcribed at a low level by
"read-through" from elsewhere on the plasmid. The gene retains
its Tn8-derived SD sequence. This was sufficient to confer
chloramphenicol resistance on E., _¢oli, but B. subtilis transfor-
mants became CmR only when homologous DNA was cloned in front

of the gene,thereby presumably providing an SD that could be u-
tilized (Goldfarb et al, 1981). When a B. subtilis promoter on-
ly is positioned 5' to the gene, there is no phenotypic expres-
sion of CAT (Lin et al, 1985). Interestingly, spontaneous CmR
mutants resulting from tandem dupli- and triplicaticn of a por-
tion of the gene encompassing the SD sequence have been obtain-
ed. Since the SD homology remains unchanged, it is proposed
that/as the hypothetical alternative stem-loop structures that
can be drawn for the mutant CAT mRNAs place the SD region in
the loop, they make it more available for binding, and thereby
compensate for the weak homology (Lin et al, 1985).

But it seems that more subtle forces are involved: a strong SD,
even where positioned "freely" in a secondary structure predic-
tion, is not in itself a guarantee of efficient translation in
a Gram-positive system. An example of such mRNAs are the T7 late
transcripts, some of which have powerful SD sequence homology.
Nonetheless, only a low level of translation of the late pro-
teins can be achieved in B, subtilis. These messenger RNAs can-
not compete with @29-derived mRNA in an in vitro translation
system (Hager & Rabinowitz, 1985b). These authors point out the
extreme A-richness about the translation initiation site in
Gram-positives, which is even more pronounced than it is in



Gram-negatives (Stormo et al, 1982), It is not clear,though
whether this constitutes a factor for ribosomal utilization.

While it is clear then that sequence alterations 5' to the SD
may be influential, and that putative 2° structure where SD
and/or initiation codon are found in single-stranded areas can
be important, but not decisive, in determining whether effici-
ent translation can take place, it should also be borne in mind
for work with heterclogous genes that the coding sequence it-
self is also important. A given 5' untranslated region, giving
good expression of one gene product, will not necessarily be e-
qually suitable in juxtaposition with another gene, presumbly
due to unfavourable secondary mRNA conformations (Stanssens et
al, 1985; Warburton et al, 1983).

Finally, by supplying the appropriate promoter(s) and ribosome-
binding site(s), where necessary, expression of foreign genes
is made possible in B, subtilis. This is most elegantly illus-
trated by the transfer of the E. ¢oli lagc operator, and repres-
sor gene to B, _subtilis. The latter was brought under the con-
trol of the host regulatory signals, and allowed IPTG-inducible
expression of the gene downstream from the lac operator(Yansura &
Henner, 1984).

1.8: Zvmogens

I.8.1 Inactive Protease Precursors

Microbial proteases and the eukaryotic digestive proteases are
believed on the basis of structural similarity to have a common
ancestry. '

By their very nature, proteolytic enzymes, if uncontrolled, can
pose a threat to the cell. In fact, most secreted proteases are
synthesized in the form of an inactive zymogen precursor, which
is activated by limited proteclysis. This process is as yet
better understood for eukaryotes.



A classic example of autocatalytic activation is pepsinogen,
which is converted to pepsin by pepsin already in the gastric
lumen. Activation by specific cleavage of a peptide lying N-
terminal to the active site from the inactive precursor, by a
different endopeptidase, forms the basis of several physiolo-
gical systems. Typically, a cascade of proteases are activated
in turn. The product of one cleavage reaction, having adopted
an active conformation, is the catalyst for the next. Regula-
tory proteases usually are multichain, with the chains cova-
lently bound by disulphide bridges.

An amino-terminal extension is one mechanism for inhibiting
protease activity. Trypsinogen, for example, is activated by
the removal by enterokinase of residues 1 to 6. Trypsinogen,
like some other zymogen forms, is weakly catalytic.It will
react with DFP at the active site serine with an efficiency
about 103—fold lower than trypsin. The reduced activity seems
to be due to poor substrate binding ability rather than to
impaired catalysis. The "activation peptide" or "pro-peptide"
may be short, as in above example, or may even exceed the size
of the enzyme itself.

Secreted proteases in common with other exported proteins, also
have an N-terminal leader peptide or signal sequence, which is
cleaved off during transport from the cytoplasm by a membrane-
bound signal peptidase. This "pre-sequence" also ensures that
the precursor is maintained in an inactive conformation form
during compartmentalization (Neurath, 1975, 1984).

I1.8.2 Bacillus Exoproteases
Cloning of the genes for the Bacillus APR and NPR revealed the

presence of a sizeable coding region between sequences coding
for a recognizable signal sequence and the mature secreted en-
zyme. Since, unlike the mammalian digestive proteases, only a
single active extracellular form had been observed, this find-
ing was greeted with surprise. It was established by changing



the 5th codon by site-specific mutagenesis to a stop codon,
and comparing expression in the wt and a suppressor mutant,
that this pro-region-indeed is translated (Vasantha et al, 1984).

When the “pro" regicns ¢r subtilisin are (re-)defined as star-
ting C-terminal to the signal consensus cleavage site Ala-X-A;a
(von Heijne, 1984a), they are 76 AA (B. licheniformis, Jacobs et
al, 1985) or 77 AA (B._subtilis and amvleloguefaciens, Stahl &
Ferrari, 1984; Wells et al, 1983 resp.). Remarkably, codons for
charged AAs comprise 35-39% in the pro-region vs. only 10-12%
for the mature enzyme. Most of the charged AA's are found in
blocks of several together. There is a net positive change (+4
-=>+7).

Similarly, in the "pro" region of the metalloprotease, charged
amino-acids are frequent, comprising 28% of the large activa-
tion peptide of approx. 190 AAs. There is a net positive charge
(Vasantha et al, 1984; Yang et al, 1984).

It has been suggested that this excess charge helps to bind the
proenzyme to the oppositely charged membrane. Attention has
been drawn to the fact that the peptide bond between “pro" and
mature region is a preferred site for the mature APR, NPR, resp.
suggesting autocatalytic activation of a membrane-bound form
(Vasantha et al, 1984).

Experimental evidence supporting this hypothesis is available
from studies with site-specific mutagenized subtilisin genes
(Powers et al,1986). Alteration of Asp32, (in the catalytic
triad) to Asn gives a non-active product. In Western blots,
a mutant precursor of Mr 42,000 associated with the membrane
can be detected with anti-subtilisin. In the course of incu-
bation, this precursor disappears provided that a background
level of subtilisin activity is present, and enzyme is relea-
sed into the medium. 1In a mutant host where apr had been de-
leted, release of the mutant inactive ‘"mature" enzyme (of Mr



27,000) from the membrane could be effected by the addition of
exogenous subtilisin. Subtilisin thus probably undergoes auto-

catalytic activation.

Studies where increasing lengths of the NPR prepro-region are
fused to O-amylase have suggested the presence of several pro-
cessing sites internally situated in the "pro" regions, which
need to be included in the fusion in order to achieve export of
the G-amylase (Shimada, Mitsui, personal éBmmunication; Honjo

et al, 1985). However,'no forms of subtilisin other than prepro-
and mature forms have been detected to date (Powers et al, 1986),
although processihg after the pre- regicn has been demonstrated
in signal sequence fusions to the spa gene (Vasantha & Thompson,
1986). Such processing resulted in heterogenocus N-termini.

I1.9;: Secretion of Proteins

The process of protein transport in both prokaryotes and euka-
ryotes has been the subject of intensive study in recent years,
and new developments are regularly reviewed (Silhavy et al, 1983;
Oliver, 1985a; Benson et al, 1985; Pugsley & Schwartz, 1985).

Only the basic features of secreted proteins and the secretory
machinery will be discussed here.

I1.9.1 Signal Seguence

With few exceptions, proteins that are translocated from the
cytoplasm (be it to endoplasmic reticulum in eukaryotes, to pe-
riplasm or other compartment in Gram-negative bacteria, or into
the medium in the case of Gram-pcsitive organisms) are synthe-
sized on membrane-bound polysomes (Redman et al, 1966; Randall
& Hardy, 1977) in the form of a precursor which has a 15-25 aa
N-terminal extension (signal peptide). The signal peptide is
normally cleaved off during translocation (Perlman & Halvorson,
1983).

Signal sequences from diverse sources have certain features in
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common: A) the extreme N-terminus (1-5 residues) is very basic
due to the presence of several Lys and/or Arg residues, B) a
block of hydrophobic residues (7-17 AAS) feollows and (C) a more
polar region terminating in a small amino-acid is found Jjust

before the cleqvage site (Inouye & Halegoua, 1980).

Signal sequences do not otherwise display a high degree of se-
quence similarity, even where 2 proteins are otherwise homolo-
gous. eg.the d—amylases (Stephens et al, 1984) and subtilisins
(Jacobs et al, 1985) of B. licheniformis and B, amyloligquefa-
ciens. The signal sequence of proteins of Gram-positive origin
tend to be longer than the average, and have a higher average
positive charge (c.3) than do their Gram-negative counterparts
(viz.2) (Watson, 1984; Abrahmsen et al, 1985).

This may reflect the fact that though Gram-positives have but
one membrane,a thick cell wall must be traversed by secretory

proteins.

From studies of characterized and presumed cleavage sites, ge-
neral rules (the (-3, -1) rule) for the signal peptidase re-
cognition site can be drawn: if AXB denotes the last 3 AAs of
the signal sequence, where cleavage takes place after B, B can
be Ala, Gly or Ser, Cys, Thr or Gln and A Ala, Gly, Sexr, Leu,
Val, Thr or Ile, ie the -1, -3 positions are usually taken by
small, neutral AAs (except for Gln). Ala-X-Ala is most common-
ly found. The -2 position (X) is usually occupied by an aroma-
tic, charged or large polar AA. Secondary structure disrup-
tants, Gly and Pro, are commonly found at -4 and -5 resp. In
eukaryotic signal sequences, Arg is found 4 times more fre-
guently than Lys in the polar region.

The non-random AA occurrence about the cleavage site argues
for evolutionary constraints that reduce the possibility of
ambiguity in the form of nearby alternative sites. Certain
residues are "forbidden" at certain positions: while proline
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is common at -5, it is absent from -3 --> +1. Ala is rare at
-2,+2 --> +5, and glycine very seldom seen at -3, though is
often at -4. From work with mutant pre-proteins that are ex-
ported but not cleaved, it appears that the C-terminus of the
hydrophobic core defines a "window" of approx. 7 residues that
are available to peptidase (Perlman & Halvorson, 1983; von
Heijne, 1983, 1984a, 1986).A weight-matrix approach has recent-
ly been described that can predict processing sites with an ac-
curacy of ¢.75%, which represents a considerable impiovement on
the (-3,-1) rule (von Heijne, 1986).

Charge differences between eu- and prokaryotic signal sequences
are possibly accounted for by assuming that an extra basic re-
sidue is required in prokaryotes to compensate for initiation
with uncharged f-Met (von Heijne, 1984b).

The conserved features mentioned above are important for export:
alterations to either the charged N-terminal (Inouye et al, 1982;
Hall et al, 1983; Vlasuk et al, 1983) or disruption of the hydro-
phobic core (Emr et al, 1980; Michaelis et al,1986) interféres
with transport and the coupling of synthesis and secretion. The
amino acid composition of the hydrophobic core is not critical:
the only requirement apparently is the length of the stretch,

its hydrophobic character and the potential for alpha-helix for-
mation (Kendall et al, 1986).

Comparison of . codon usage in large number of Gram-negative
genes for secreted proteins revealed a high incidence of rare
codons in the regions coding for the hydrophobic core, and may
possibly facilitate "coupling" by slowing translation (Burns &
Beacham, 1985).

1.9.2 The Secretory Machinery

Signal sequences are to some extent interchangeable between
secretory proteins and kingdoms. E. colj will for example cor-
rectly process both bacterial and eukaryotic signal sequences



in hybrid protein fusions (Talmadge et al,1980). Moreover, Sig-
nal Recognition Particle (SRP) is needed for translocation of

a bacterial protein pre-beta-lactamase, across the mammalian
endoplasmic reticulum, as is the case with homologous proteins
(Muller et al, 1982). Thus some conservation of the transloca-
tional machinery during evolution is implied.

1.9.2.1 Secretorv Machinery in Fukarvotes

Protein synthesis appears to be coupled to export by interac-
tion of the signal sequence in the nascent chain with a Mr
54,000 component of a soluble complex of proteins and RNA (SRP)
which causes a translational arrest (Walter & Blobel, 1981,
1983; Kurzchalia et al, 1986), This is only relieved by subse-
quent interaction with "docking protein", a component of the
endoplasmic reticular membrane having a large cytoplasmic do-
main (Meyer et al, 1982;Lauffer et al, 1985). Translational
arrest has subsequently been shown to be system-dependent, and
is believed by some to be an in vitro artefact. The concept of
obligatory cotranslation transport, with post-translational
translocation rare, or invariably inefficient is no longer te-
nable either for pro- or eukaryotes (Schatz, 1986; Strauch et
al,1986).

I1.9.2.2. Secretory Machinery in E. coli

Indirect evidence for a limited number of translocational com-
plexes in the plasma membrane comes from studies with hybrid
proteins. Where these cannot be transported properly, they have
a pleiotropic inhibitory effect on transport and processing of
other secretory proteins, presumably by blocking all available
export sites (Ito et al, 1981).

Mutations in the secretory machinery are often lethal in E.coli.
Leader peptidase I, a component of both outer and inner membra-
nes, is an essential enzyme (Date, 1983). (Lipoproteins are pro-
cessed by a separate signal peptidase, the product of the lspa
gene (Yamada et al, 1984)).



Genetic analysis of loci involved in secretion has primarily
been achieved by exploitation of gene fusion technology. Se-
veral conditionally lethal alleles have been identified that
1) are required for excprotein synthesis and secretion, 2)
can suppress signal sequence mutations or 3) suppress a con-
ditionally lethal mutation. These categories are not mutually
exclusive (0Oliver 1985 a&b; Pugsley & Schwartz, 1985).

Gene products have thus far been identified for 2 wild-type
components viz. PrlA/SecY and SecA,.

PrlA/SecY protein is an integrated inner membrane 443 AA pro-
tein with several hydrophobic segments that span the membrane.
ts variants lead to accumulation of precursors of exported pro-
teins in the membrane at the non-permissive temperature. Other
mutations are able to suppress signal Sequence mutations, sug-
gesting a direct interaction between PrlA and signal peptide
(Oliver, 1985a; Akiyama & Ito, 1985). But the interpretation of
the experiments onvwhich these conclusions are based has recent-
iy become questionable, since a great multiplicity of suppres-
sor loci is identifiable, some of which have been shown to di-
rectly affect protein synthesis rather than secretion (Strauch
et al,1986; Lee & Beckwith, 1986; Shiba et al, 1986).

SecA mutations lead to pleiotropic defects in secretion of cell
envelope proteins. It was believed that SecA helps to couple
synthesis to secretion by recognition of especially the hydro-
phobic segment of a signal sequence but recently work with an
amber secA mutant has cast doubt on such a role (Strauch et al,
1986). SecA has an Mr of 92,000, and is peripherally associated
with the inner membrane. Many of the studies involving extrage-
nic suppressors of gecA mutations have been called into ques-
tion (see above).

There may well be a system parallel to SRP and docking protein
in prokaryotes to couple synthesis and translocation initiation,
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as one LamB signal sequence muytation leads to decreased synthe-
sis of the protein (Hall et al, 1983). SechA, PrlA and the as
yet unidentified products of some of the other prl and seg¢ loci
implicated in secretion are likely to constitute part of such
machinery (Oliver, 1986Db).

Scme different components are required however, for different
types of proteins: secB is needed only for transport of a sub-
set of E. coli envelope proteins (Kumamoto & Beckwith, 1985).

S e a
A Mr 64,000 protein present in cytosol, was found in a membrane
fraction complexed to ribosomes, but was not present in the ri-
bosome-free fraction. It appeared to be located between membrane
and ribosome (Horiuchi et al, 1983a). This protein is also as-
sociated with free monosomes. It can be immunoprecipitated in a
complex with 3 other polypeptides from ribosome-containing frac-

tions.

A Mr 60,000 protein has been identified in S. aureus. It is si-
milar to the B. subtilis 64kD protein immunologically, in its
distribution in the cell, and can likewise be coprecipitated in
a complex with other polypeptides (Adler & Arvidson, 1984).

The physiological role of the so-called secretory S complex is
as yet unclear as the connection to protein transport has been
based solely on location of the polypeptides in question (Hori-
uchi et gl, 1983b; Caulfield et al, 1984; Caulfield et al, 1985),.

= i Sys
I1.10.1 Why Secretion of Forejgn Producgts is Desirable
In E. coli, where experience with the expression of foreign
proteins is most extensive, overproduction of heterologous eu-
karyotic polypeptides commonly leads to their aggregation in
"inclusion bodies" in the cell (Williamset al, 1982). Recovery
of the product in an active form after "renaturation" procedu-
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res is not efficient. At high levels of expression of hetero-
logous non-exported products, such inclusion bodies are seen

also in B, _subtilies. The accumulated product, moreover, often
has a toxic effect on the cell (Brosiug, 1984).

In addition, purification of product free of contaminating, to-
xic cell products is difficult, but is an obligation where the
final product application is in the food or pharmaceutical in-

dustry.

These problems can be circumvented by achieving secretion of
the heterclogous product.

The Gram-positivés have thus received much attention as poten-
tially valuable expression hosts due to the ability of most
species to secrete proteins in large amounts, It may therefore
even be feasible to operate continuous cultures, with the ex-
ported desired products being recovered from the medium without
the drawbacks mentioned above.

The secretion of foreign proteins by micro-organisms has re-
cently been reviewed (Pugsley & Schwarz, 1985; Nicaud et al,
1986).

Although there are reports of glycosylation of some bacterial
exoproteins (Bacillopeptidase F, Roitsch & Hageman, 1983; cellu-
lases of . fimi, T. Warren, personal communication), bacteria
are not suited to the production of proteins where such correct
post-transliational modification is essential for activity.

1.10.2 R . s of E . - s . 5
The successful application of any expression secretion system
depends on the following factors having been adequately dealt
with.

1) A stable vector must be provided



2) A functional promoter, RBS (see I.3.9 & I.7.3, I.7.4) and
signal sequence (see 1.9.1) must be provided.

3) the product-specific mRNA may have to be stabilized

4) The product should be recoverable either free of extraneous
moieties such as a signal sequence, or "linker" peptides, or

in a form from which it can be dissociated.

5) Proteolysis of sensitive products, a considerable problem in

Pacillus, must be controlled (see Chapter 1.2 & below). The sys-
tems that have been most widely studied in Bacillus, and with

which expression and secretion of foreign proteins have been a-
chieved are:

B, amvloliquefaciens G-amylase (Palva et al, 1981, 1982, 1983;
Ohmura et al, 1984a & b; Nakamura et al, 1985; Fahnestock & Fi-

sher, 1986); B. licheniformis penicillinase (Neugebauer et al,
1981; Mosbach et al, 1983), B, amyloliquefaciens neutral prote-
ase: pre-sequence (Yoshimura et al, 1986;Vasantha & Thompson,
1986); prepro- sequence (Honjo et al, 1985, 1986), alkaline
protease: pre-sequence (Vasantha & Thompson, 1986), and the S,
aureus protein A (Spa) (Lofdahl et al, 1983; Fahnestock & Fi-
sher, 1986; Fahnestock et al, 1986).

Note that only part of the B. lichenjiformis penicillinase seq-
. uence was used in the studies cited . Modification of,and link-

age to the membrane via Cys-27 in the signal has been problema-
tical (Gray & Chang,1981; Hayashi & Wu, 1983; Hayashi et al,
1986).

Only results that have a direct bearing on the discussion below

will be mentioned.

I1.10.3 Different Ways of Meeting Some of the Reguirements
I.10.3.1 Vector Stability and Chromosomal Integration
Without a stable template, no reliable expression can reasona-

bly be expected. Stability is discussed in depth below because
of its relevance to the work presented in this thesis.

- 81 -



Plasmid functions such as par (Tucker et al, 1984; Gerdes et al,
1986), which ensure stable inheritance of the plasmid by daughter
cells at cell division, are not considered here, as information
about such functions on Gram-positive vectors is not yet available

At present, for most commercial applications involving plasmids,

segregatjonal stabiljzation of multicopy vectors in bacteria

is usually achieved by antibiotic resistance selection pressure,
where the resistance marker is carried on the plasmid.

The use of antibiotics for this purpose is less than desirable
where a product will ultimately have a clinical application or
be used in the food industry for various reasons including cost,
stability of antibiotic during protracted large-scale fermenta-
tions, and difficulties in elimination of traces of it during
product purification.

Novel systems employing complementation by plasmid of lesiocns
in essential genes have been developed. For example, the gene
for D,L-alanine racemase (dal) on a plasmid ensures absolute
segregational stability in Dal  strains in (complex) media
lgcking D-ala (B. Diderichsen, personal communication; Ferrari
E. et al, 1985).

structural stabilitv is however more difficult to guard against
in Bacillus using multicopy vectors. Especially where the plas-
mid supports a high level of expression of a product not requi-
red for cell survival, recE-independent deletions often occur
with the elimination of expression of the gene (Kreft & Hughes,
1981; Uhlén et al, 1981; Lopez et al,1984; Espinosa et al,1984).

High expression can lead to plasmid instability either because
the overproduced gene product has a toxic effect (Brosius,

1984) or because the high level of transcription per se inter-
feres with plasmid replication (Stassi & Lacks, 1982; Lopez et
al, 1984). Read-through transcription has been shown to compro-
mise expression of distal genes (see I.5.11, amvR2). In B, _sub-
tilis, plasmids seem to be more vunerable to overtranscription
than is the corresponding clone in E. coli, where the foreign
gene derives from another Gram-positive (Fahnestock et al, 1986;
Sibakov & Palva, 1984), presumably due to more efficient trans-
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cription in the former (the spa gene in the first reference was
stably transcribed in E. _coli though it was cloned without its
cwn terminator), and possibly also to different plasmid repli-
cative mechanisms in the two organisms (see below), or both.

Such difficulties can be overcome in several ways: a) by using

a weaker promoter (B._amvloligquefaciens instead of B, _lichenfor-
nis a~amylase promoter, Sibakov & Palva, 1984; B. amvloliguefa-
ciens amylase instead of S, _aureus gpa promoter, Fahnestock &
Fisher, 1986)'b) by reducing copy number of the foreign gene B.
licheniformis penicillinase on a low copy number plasmid, Imanaka et al,
1981; chromosomal integration of S. aureus blaZ (Saunders et al,
1984 a & b; or gpa (Fahnestock et al, 1986);or ¢) by placing ef-~
ficient terminators after the gene (Gentz et al, 1981).

It seems that some plasmids are inherently unstable in B, sub-
tilis: Ehrlich & coworkers have demonstrated using duplicated
vector sequences carried either extrachromosomally or integra-
ted into the chromosome, that recombination between the homo-
logous seguences takes place at a significantly lower fregquency
in the chromosome (viz. 10'4) compared with a plasmid (10'1;
Niaudet et al, 1984). Using a "portable" ts ori it was demon-
strated that the proximity of a functional grj stimulates re-
combination (S. Ehrlich, personal communication ). It ‘is sug-
gested that the propensity of most Gram-positive plasmids, in
contrast to their Gram-negative counterparts, to replicate via
single stranded molecules provides the trigger for recombina-

tion (te Riele et al, 1986).

Direct repeats as short as 3 bp,and imperfect 11 bp homologies
have been implicated in illegitimate intramolecular recombina-
tion in Bacillus (Lopez et al, 1934). Such recombination is en-
tirely rec-independent, and is a ubigquitous phenomenon, having
been described jnter alia in Z._coli (Albertini et al, 1982),
and in higher organisms (Hogan & Faust, 1984). Evidently though,
features other than short directly repeated sequences are req-



uired (Hahn & Dubnau, 1985).

These investigations have prompted the development of chromo-
somally integrated expression systems, where integration is di-
rected to a locus by the incorporaton of homologous segquences
carried on the plasmid (see IV.6.1, -2, -7).

Once a non-replicable plasmid has been integrated, no selec-
tive pressure is required to retain it (Janniere et al, 1985;
Yang et al, 1986).

There is no evidence for DNA amplification being a spontaneous
phenomenon among Bacillus species, as opposed to . . Strepto-
mvces for example (Fishman & Hershberger, 1983), unless a se-
lective pressure is applied. Under antibiotic selective pres-
sure amplification of chromosomal (tmr,see I1.5.1.2; Wilson &
Morgan, 1985) and plasmid (European Patent 2pplication
84200990.4, Gist-Brocades; Young, 1984; Janniere et al, 1985)
sequences can take place, resulting in gene-dosage related ex-

pression.

Production strains of Bacillus spp. secrete enormous amounts
of certain enzymes presumably from a single structural gene.
Thus there is reasonable expectation of achieving high yields
of heterologous gene products using chromosomal integrates in
strains otherwise optimized for synthesis and export of the
normal gene product of the system in use. Such optimization no
doubt involves changes at several intergenic loci concerned

with regulation.

The above-mentioned patent-application deals with exploitation

of the B, licheniformis &-amylase producer strains and G-amy-
lase regulatory machinery for the expression of a-amylase and

eukaryotic genes.

Chromosomal integration confers structural stability on



strongly-expressed heterologous prokaryotic genes of Gram-pos-
positive origin in B. subtilis where plasmid vectors could not
be come established (Saunders et al, 1984a & b, Fahnestock &
Fisher, 1986). '

Expression levels from a single integrated copy of the spa gene
(GX3357) compare very favourably with those from similarly inte-
grated copies where the amylase promoter drives a fusion amyl-

ase-protein A gene., Increasing the strength of the comparative-

ly weak P by a tandem promoter duplication (GX3360) raises

amy
expression of the fusion product 10x to levels slightly above
those obtained from GX3357 and accordingly renders the constr-

uction unstable on the replicative vector, pUB110.

When the intact spa gene is present in theAchromosome in seve-
ral copies (4 copies, GX33305), it directs a correspondingly

higher level of protein A synthesis and secretion; equivalent
to that achieved with the fusion gene under Pam
on pUB110. These levels are however, still 5x lower than those

control,

‘'obtained when the amylase promoter and RBS are fused precisely
to the spa gene, and the construction propagated on pUB110. In
a spoOA strain, which has markedly lower APR expression than
the wt, gram per liter levels of native protein A are accumula-
ted. This high accumulation is due to the fact that under the
amylase promoter control, expression continues through statio-
nary phase whereas the protein A promoter itself is only active
during exponential growth (Fahnestock & Fisher, 1986; Fahnes-
tock et al, 1986).

1.10.3.2 3' ;mRNA Stabili .
It was first demonstrated in E. ¢oli that placing a Correspon—
dingly strong (£fd) terminator after a powerful promoter could
stabilize plasmids (Gentz et al, 1981). These authors anticipa-
ted the potential of this approach in achieving high levels of
heterologous gene expression.



Where an mRNA has a short half-life, yield of its product can
be bcosted by enhancing its resistance to exonucleolytic deg-
radation by judicious use of a heterologous terminator.

This expedient has been useful in achieving higher B, licheni-
formis penicillinase and interleukin-2 synthesis with the aid
of the crystal protein (grv) terminator both in B. _subtilis
and E, coli (Wang & Chang, personal communication). In similar
fashion, the E, colji rrnP terminators improved chymosin yield
in B, subtilis (Sven Hastrup, personal communication). It seems
that the Bacillus transcriptional machinery will recognize a
diversity of E._coli-derived terminators (Peschke et al, 1985).

In all these cases, the heterologous terminator was the only
one present. It remains to be seen whether these improvements
can be detected in cases where the foreign gene's own termina-

tor is also present.

Unpublished data cited in Fahnestock et al (1986) mention that
a strain having a single integrated copy of the S, aureus spa
gene with its own terminator sequences sometimes produced as
much protein A as another having 4 copies of the gene,which

however lacked these sequences.

3.3 ssi e i ej
Where the foreign protein to be produced is itself a secretory
protein, it may be best, where possible, to allow it to use
its own signal sequence in order to obtain correct processing,
with liberation cutside the cell of a product identical to the
native protein. By utilizing only the regulatory elements (P,
RBS), or these in addition to part of a signal sequence, com-
bined with the entire coding region for the product and its own
pre(pro)- region, synthesis and export of authentic proinsulin
and protein A have been achieved (E._coli: Talmadge et al, 19¢0;
B. subtilis; Neugebauer et al, 1981; Mosbach et al, 1583; Fah-
nestock & Fisher, 1986), after correct processing in the hete-



rologous expression host.

Results with gene fusions where regulatory elements and signal
sequence are fused to the product coding region at the end of
the signal are more equivocal: such fusions may give rise to
secretion of heterogeneous products non-identical with the na-
tural product (eg Yoshimura et al, 1986 and refs. in I1.10.2).

Depending on the details of fusion gene construction, several
AAs encoded by linkers which facilitate construction, or which
belong to the gene donating the signal sequence, may remain as
"extra" residues after leader peptidase cleavage. Provided that
the product has activity this may or may not be important, but
certainly in the case of potential therapeutic agents, unaccep-
table immunological consequences may ensue in recipients if

"foreign" 1residues are present.

While signal sequences and cleavage sites have some conserved
features (see I.9.1), the 5' ends of genes coding for the ma-
ture moiety of secretory proteins have little in common thus
making strategical choices in fusion construction difficult. 2
systematic study of product yield in a series of constructions
where the B. amyloligquefaciens G-amylase gene was fused at its
codon +3 (ie after the signal cleavage site) to B. lichenifor-
mis ®-amylase mature sequences at different sites from bp +1
--> +15 revealed that the small differences led to considerable
variations in product vield and activity (Sibakov, 1986b).

Another strategy for liberating the authentic protein from a
fusion product involves engineering a specific protease cleav-
age site at the junction and employing a highly selective pro-
tease. Factor Xa for example, cleaves after XYGlyArg, where the
possibilities for residues X,Y are limited. Such a tetrapeptide
occurs seldom in protein sequences, and has been applied to the
production of Hu-g -globin in E. _coli (Nagai &Thg¢gersen, 1984;
Celltech European Patent 161937 (1985)). The experience of ot-
hers indicates that factor Xa does not display absolute speci-



ficity (Nordisk Insulin, personal communication).

In much the same way, chemical cleavages can be tailored to

result in cleavage of only the desired bond (see I.10.5).

1 e S
wWhen expressed in B, subtilis from pUB110, the B._amvloliaue-
faciens G-amylase gene directs the production of a-amylase to
a level of 50% of protein synthesized by the cell, or corres-
ponding to 1.5 gL_1 secreted into the medium (Palva et al,
1981, 1982;Palva, 1982). When the d—amylase regulatecry signals
and signal sequence are used to direct synthesis of a2-inter-

1 were obtained (equivalent to approx.

feron, only 0.5-1 ug L~
10° UL-1) (Palva et al, 1983). Similarly poor results

have been observed with inter alia, fusions of B, lichenifor-
mis penicillinase signal and preprosinsulin (Mosbach et al,

1983), and B, amvlolicuefaciens NPR signal and IFN-f (Honjo et
al, 1985).

A careful study of d—amylase fusions by the Finnish group has
shown that the half-life of the "eukaryotic" mRNA (for Semiliki
Forest Virus glycoprotein E1) was the same as that of a proka-
ryotic mRNA (for E. coli B-lactamase) and that translation rates
were equal, so the 10-fold and 100-fold lower yield of the g
-lactamase and E1 protein resp. compared with g-amylase from the
secretion vector was attributed to proteolytic degradation in
the medium (Ulmanen et al, 1985). Even where a strain deficient
in NPR or APR or deleted for both major exoprotease genes viz.
apr and ppr is used, appreciable degradation of the g-lactamase
begins at the end of exponential growth (Palva, personal commu-
cation; M. Sibakov, 1986a). However, in similar experiments Na-
kamura & coworkers achieved accumulation of g-lactamase in the
medium both in wt and apr - npr mutants ( which have about 3%
original exoprotease activity) by manipulation of growth condi-
tions. Higher levels were achieved in the protease mutant (Na-
kamura et al, 1985). Honjo et al (1985) showed by the addition
of 10 nm PMSF to the medium that their hIFN-8 production was

- 88 -



sensitive to the low level of APR secreted by the host strain.

The yield of protein A, which would otherwise be totally degra-
ded after To, was greatly improved by utilizing a spoOA strain,
(1853), which was deficient in APR, but produced normal amounts
of NPR (Fahnestock et al, 1986).The product nonetheless showed
signs of limited proteolysis. Still better results have been
obtained in a strain where the spoQA mutation was combined with
deletions of apr and ppr genes (Fahnestock, personal communication) .

Where a product (Human Growth Hormone) is produced intracellu-
. . . . -1
larly by induction at high cell densxty(Ana)BO), 1.5 gL unde-

graded HGH was made and accumulated in refractile bodies in a
SpoOA strain (Ruppen, Genentech, personal communication).

In general, proteolysis is more noticable where expression le-
vels are low. Besides the 2 major exoproteases, APR and NPR,
other activities clearly compromise yields of foreign proteins
attainable. Perhaps the esterase, which'accounts for only a
small proportion of exoprotease activity (see I.2.2.8), or oth-
er enzymes, yet to be discovered, are responsible for product
degradation. Esterase levels are impaired concomitantly with APR
in gpoOA mutants . Should it not be possible to overcome the
protease problem satisfactorily either by identification and de-
letion of the protease genes, or by manipulation of growth con-
ditions, it might be necessary to turn to Bacillus spp., which
while not as well characterized genetically as B, subtilis, are
transformable, and able to secrete proteins, but lack apprecia-
ble exoprotease activity eg. B, brevis. (Kurotsu et al, 1982;
Takahashi et al, 1983).

1.10.4 Optimization

I1.10.4.1 Culture Medium and Growth Conditions

Optimization of protein production from apr and ppr signal
fusions revealed that variation from 10 mg to 3gL—1 accumulated,
dependent on culture medium and conditions. Unexpectedly, a com-
plex medium containing glucose, which is not optimal for NPR




production, gave highest yields of processed protein A export-
ed with the aid of the NPR signal (Vasantha & Thompson, 1986;

(Vasantha, personal communication). Growth rate limitatioa, achieved by
addition of succinate to the medium and providing only poor
aeraticn,results in high levels of E. coli B-lactamase which
accumulate over 48h in the medium even with a wild-type strain,
whereas total degradation of the product otherwise occurred be-
tween 12 to 24 h under more favourable growth conditions (Naka-
mura et al, 1985). The improvement due to manipulation of cul-
ture conditions was estimated to be 50-60-fold when using an
NPR™ APR ™ mutant.Transferring the cells to fresh medium has
also proved useful (Honjo et al, 1986).

I1.10.4 Use of Intergenic Loci that Enhance Secretjon

Where expression is already high eg. B, amvloliguefaciens &-
amylase on multicopy pUB110 in B._subtilis, there was no advan-

tage in having an amvS and pap-9 background, (ie. having the
mutant alleles present in one copy per chromosome) rather ag-
ainst expectations (Sibakov et al, 1983). The effect of multi-
ple copies of some cloned regulatory genes on expression has
been discussed (see I.6.2 and 1.6.4 ). :

1.10.5 E. coli as Host for Expression-Secretion Vectors

E. coli is the best characterized micro-organism available. Due
also to its ability to express genes from a wide variety of or-
ganisms, it is often the system of choice for initial cloning

and expression regardless of the source of the gene in question.
A multiplicity of effective exoression systems is available which
can give high yields of product. '

It should be ncted that although the Gram-negative bacteria are
not noted for their ability to secrete proteins into the medium,
many, including E._ colji K12 are able to do so (roveiwed in Pug-
sley & Schwartz, 1985). This ability extends in some cases also
to foreign proteins. "Leaky" (Lky) mutants can be isolated after
mutagenesis that leak both periplasmic and heterologous secreto-
Yy proteins into the medium (Gilkes et al, 1984; reviewed in Ni-



caud et al, 1986).

E._coli HB101 will "secrete"” cloned penicillinase from an
alkalophilic Bacillus species into the medium . It . accumu-
lates to higher levels than are obtained when the gene is ex-
pressed in B, subtjlis, attributable mainly to the absence of
significant proteolytic activity in the E._colil medium. Appre-
ciable loss of periplasmic alkaline phosphatase however occurs.
It has been established that in these studies, the integrity of
the outer membrane was affected by a low level of transcription
through the pMB9 kil gene (Kato et al, 1983, 1984; Kudo et al,
1983; Kobayashi et al, 1986).

wWith such "passive secretion” from the periplasm, where expres-
sion is high enough, the periplasmic contaminants do not consti-
tute a significant contaminating factor, especially where a
strong specific purification is possible. Such results have been
achieved with the protein A system of M. Uhldn originally inten-
ded for staphylococcal hosts. The signal peptide is correctly
processed during translocation. The remaining protein A moiety
of the fusion product forms the basis for an affinity chromoto-
graphic purification and the desired product released by a spe-
cific chemical cleavage at the engineered splitting site. (Ab-
rahmsen et al, 1985; Nilsson et al, 1985).

With a fusion of OmpF, an outer membrane protein, and human 8
—endorphin, bona fide selective transport was achieved without
causing leakage of periplasmic markers. The OmpF signal peptide
was correctly processed, and the hybrid peptide released into

the culture medium, where it accumulated (Nagahari et al, 1985).
Similar results have been achieved with the S, marcescens serine
protease. In this case moreover, a large C-terminal polypeptide
was correctly cleaved to yield the mature enzyme (Yanagida et
al,1986).

As a consequence of these recent results, there is a growing
consensus of opinion that E. _¢oli or other Gram-negative orga-
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nisms possibly represent a more promising system for achieving
high yields of exported heterologous gene products than does B,
btilis.

I.11 Reasons for Undertaking this Project

As already mentioned in I.l, the cloning of subtilisin genes
was undertaken for several reasons. The most immediate

of these was the planned use of transcriptional and transla-
tional signals, as well as the genes' signal sequence, in or-
der to direct synthesis and secretion of foreign gene products
in Bacillus host strains.

As is described in Chapters III and IV, this initial goal was
not realized by the author. Due both to difficulties in isola-
ting the subtilisin gene from one organism, and to concurrent
developments in other laboratories, the emphasis of the work
was changed from application/exploitation of the isolated
sequences, to that of characterization, and investigation of
regulation of the gene's expression. Associated with the ori-
ginal intention to use Bacillus as a host for heterologous
gene expression, the cloned gene from B. subtilis was utilized

to create a chromosomal deletion, resulting in a strain that
produces no subtilisin. As many proteins are subtilisin-sensi-
tive, such a deletion mutant presents an obvious improvement
as host for the expression of secreted foreign gene
products.



Chapter II: Materials & Methods

1 NZVmMes
Restriction enzymes, T4 CNA ligase, polynucleotide kinase, DNA
polymerase I and Klenow fragment were obtained from New England
Biolabs, unless otherwise stated. Asp718 was supplied by Boeh-
ringer Mannheim. All enzymes were used in accordance with the
supplier's instructions. Chemicals and biochemicals were obtai-

ned from Merck and Sigma resp., unless otherwise stated. Radio-
chemicals were supplied by New England Nuclear. Oligomers were
synthesized in the organic chemistry laboratories of either
Kjeld Norris (Novo Research Institute, Denmark) or Les Bell (at
the former Searle Research Laboratories, High Wycombe).

1.1 .2 Computer Software
For VAX andilewlett-Packard mini-computer resp., programs by R.
Staden and M. Jonson were used, unless otherwise stated.

II1.1.3 Strains & Plasmids
Strains and plasmids used in this study are listed in Tables 4
and 5 resp.

I1.2 GCeneral Media and Buffexrs
Most components supplied by Difco.

L Broth (LB): Bactotryptone 10 gL’1, Yeast extract 5 gL~ 1

1 Nacl 10 gL~

L Agar: As above, with 15 gL Bacto-Agar.
Modified Schaeffers Medium:(Leighton & Doi,1971)

1 1 1

Nutrient Broth (Difco) 16gL” ', MgSO,.7H,0 0.5gL™ ', KCl 2gL~
After autocliaving, the following additions were mede from

sterile stocks, just prior to use,
3

Ca(NO3)2 10 m1 of 0.1M stock (final conc. 10 ° M)
Mncl 1 - - - «( 10 7 M)

2 . -6
FesSO, 10 u1 - - 107 M)
Glucose 5.0 ml  20% stock ( 0.1% )
Tryptone Agar (1L): Tryptone 10 g, NaCl 2.5g, 15 g agar

An industrial medium, BP-X, Bacto-Penassay Broth and Base Agar

(Difco), and Tryptone Blood Agar Base (Difco) were also used.




TABLE 4: LIST OF BACTERIAL STRAINS USED IN THIS STUDY

B. subtilis Strains

berg from cloned gene,own promoter

| STRAIN RELEVANT PHENO-/GENOTYPE SOURCE/REF .

MFJ93 =DN497=IN22TXIN234 . Produces APR of BEN' type B. Diderichson
DN223=RUB200; DN234atrpC2,Spo”,pre*/”

MFJ135 =MFJ93 (pMJ6) . Overproduces BPN' £rom cloned this thesis
MFJ93 gene. .

MFJ157 =MFI93420r On°X, ex MFJ93::pMI13 this thesis
Secretes nn detectable BPN' ‘

MFJ158 MFI93::pMI14 (', APR") this thesis

MFJ163 =MFJ93::pMT20 (Cm,APR'). Plasmid integrated this thesis
' to CAT

MFT164 sMFJ93::pMJ20 (On,APR'). Plasmid integrated this thesis
3' to CAT

B. subtilis| =BGSC 1A1. trpc2 BGSC

168 wt

MFI195 =MFJ93 (p4728) Cm". Secretes BRN' from endoge- this thesis
nous subtilisin gene

MFI196 =MFJ93(p820) Om" . Secretes reduced amwnt this thesis
BN’

MET198 =MFJ157 (pMI28) . Ot Secretes ro detectable this thesis
subtilisin

RUB200 arol906, amyE07, amvR2 Yoreda et al

(1979)

MEJ205 =MFJ210 (pMJ29) . OmR. Secretes subtilisin this thesis
Carlsberg in stationary phase in presence of
xylose, from cloned gene ,XynB promoter

MET210 =SHa28. metB Xyl MFJ93 derivative. Protease S. Hastrup
production as MFJ93 .

MFI213 =MFJ210 (pM732) . OniXm'. Secretes subtilisin this thesis
Carlsberg in stationary phase from cloned
gene, G-amylase prormoter

MFI219 =MEJ93(pMT3Y) . Cmf. o this thesis

MET221 =MFJ93 (pMI42) . O KR this thesis

MFI231 =168wt X MFJ157. Cn°> Aapr this thesis

MFI239 =FI210(pIS0) . Ot Xyl this thesis

MFI240 ~STET21) (RUTS0/B ). OO XYL this thesis

MFI246 =MFI210 (pMJ51) . Om. Secretes subtilisin Carls- this thesis
berg from cloned gene,Own promoter

MFJ248 sMEJ157 (p820). Cn ~, Secretes no detectable this thesis
subtilisin

MFJ249 =MFJ198 R this thesis

MFJ250 AMFJ157 (pMJS1) . CmR. Secretes subtilisin Carlse this thesis
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TABLE 5: LIST OF PLASMIDS USED IN THIS STUDY

NAME |

Phenotype cunferred

SOURCE/REF .

GRAM-NEGATIVE PLASMIDS

PBR322

AR, Tetk

Sutcliffe (1979),

Peden (1983)

pBR322 DERIVATIVES

PAT1S3
pMT1

pMI2
pMI3

pMTS
MT7

B3
M4
pMI15
pAI16
pMI19
PMI20
pMT22

pMT24
pMI26

PMI31A
pMIS0

pN47. 11
pucis

pUR222

Ak, Tet®

Ap . *=pAT153 & 3' end of Carlsberg gene
&E“ codon +55

ApR. *pUR222 & §' end of Carlsberg gene
Ap~. pBR322 deriv.s Bcll cloning sita
followed by stop codons

as pMJ13,but different segment of BPN'

geﬁee:cchangedfozcxrgere
Ap~, pN47.11 with HindIII deletion in

i%gﬁ?e-ww derivative carrying CAT
o
Ap

]
Ap
of pMI14 from its site of integration at
BPﬁ' locus; carries additional 5!

ap

spMI3 derivative & 55 RNA gene and
tors

gﬁrtially deleted BPN' gene

. =plC18 derivative & 5' part of Carls-

o

gene
*=plUC18 derivative & Carlsberg gene;

includes transcriptional start & termina-

top (5'-Stul to HaeITI-3')
Ap . =pUC18 derivative & Carlsberg gene
& its pramoter (5'-Aval to HaeIII-3!)

Appt:tnsp‘. Single copy Bacillus pronoter
c vector

ADR. =pBR322 & BPN' gene

Ap .Polylinker cloning sites in lacz

ApR.Polyli.mcer cloning gites in lacz

. =pMJ16 derivative , CAT gene be-
. "plasmid resulting from excision

Twigg & Sherratt (1930)

this thesis,

this thesis,
thisg thesis,

this thesis,
this thesis,

this thesis,

this thesis,
this thesis,

this thesis,
this thesis,
this thesis,
this thesis,
this thesis,

this thesis,
this thesis,

this t}'xesis,

thig thesis,
thisg thesis,

Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

8

10
9

36

28
31

Yanisch-Perron et al

(1985)

Ruther et al (1981)




TABLE 5 (continued)

NAME

T

Phenotype conferred i

GRAM-POSTITIVE REPLICATIVE PLASMIDS

SOURCE/REF .

820 cng . *pBD64 derivative B. Diderichson, Fig. 17
po00 GnR =low cop analogue of p820 B. Diderichson, Fig. 17
p1050 . RthDM derivative B. Diderichson, Fig. 34
pBD64 g&xm., pUB110 ori i Gryczan et al (1980a)
pBF827 Km~, =pUB110 & Carlsberg fragment from J-I. Flock, Fig. 13
AS
PC194 cné‘ Horinouchi & Weisblum (1982)
R Dagert et al (1984)
PMT6 cnR =p1050 & subtilisin BPN' gene this thesis, Fig. 34
paI27 Cm”. =pS00 & subtilisin Carlsberg gene,in-| this thesis, Fig. 17
cluding transcriptiocnal start & stop sites
(5'-Stul to HaelII-3')
pMI28 as pMJ27, but is p820 derivative. No de-~ |this thesis, Fig. 17
teﬁtable expression of Carlsberg enzyme.
pMT29 Cm, pSXS0 derivative & Carlsberg gene this thesis, Fig. 18
(5'=Stul to HaeIII -3'),preceded by xy-
lopzﬁnducible promoter
pMI32 Qn . PBDE4 derivative carrying Carls- |[this thesis, Fig. 18
berg gene (as in pMJ327), pzecededbyPﬂ
P33 | ooikm'. Carries promoterless xynB gene, |this thesis, Fig. 23
preceded by sequences upstream from Carls-
berg gere on pMJ2. No detectable xylosi-
da%activity .
pMI42 Cm . Carries Carlsbery gene (5'-Stul to|this thesis, Fig. 23
HaeIlI-3') ,precedad by sare sequences as
in pMJ33, with linker of 30 bp between.
detectable Carlsberg synthesis.
PMIS1 Cm”, =p820 & Carlsberg gene & its own this thesis, Fig. 24
promoter (5'-Aval to HaeIIX-3'). Supports
Capl](.;aetq synthesis
229 Cn'Km™, pBDE4 derivative & promoterless |S. Hastrup, Fig. 23
B. pumilus xynB gene
PSX50 | Ou'. pBDE4 derivative & B.subtilis S. Hastrup, Fig. 18
XynB OP region in front of B.pumilus
xynB gene
PB110 | Rt - Gryczan et al (1978a),
McKenzie et al (1986)
GRAM-POSITIVE INTEGRATIVE PLASMIDS
pHVED o PHV32 .chR. p§m22 ori. In Gramnega- |Niaudet et al (1382)
tives, Ap " & Tet™ also expressad.
pMJ13 - .
pMI 14 :
% g see list of pBR322 derivatives this thesis




TE: 10 mM TRIS 1mM EDTA pH 7.5

IT.3 ' DNA Preparations |
I1.3.1 Preparation of Chremosomal DNA fzom B, licheniformis,.

)

B. subtilis & E. coli

IT1.3.1.1 Miniscale

Cells from 5 ml of an L Broth overnight culture were pelleted.
The cells were resuspended in 250 pl 25% sucrose-100mM NaCl-50 mM
TRIS-HCl (pH 7.5), spun to rinse, and resuspended in 100 Fl of
the sucrose buffer.

100 pl of a 25 mgml"1 lysozyme suspension (in sucrose buffer),
and 150 pl EDTA pH8, were added, and the suspension incubated
for 30 mins. at 370C with agitation.

120‘pl 1M TRIS-HC1l pH 7.5, 10 pl 5M NaCl and 50 ul 10% SDS were
added, and the suspension incubated at 60°C for 5 mins, after which
it was extracted several times with 530 Pl Phenol/CHCl3 (1:1).

Once the inter-phasewas clear, the nucleic acids were precipitated
on ice with 2 volumes cold EtOH. After incubation on ice for 5 mins.
the nucleic acids were pelleted by centrifugation in an Eppendorf
centrifuge for 2 mins, and the supernatant removed carefully with

a pipette. '

The pellet was rinsed with cold 70% EtOH, and recentrifuged as
above, after which it was resuspended in 100 pl 50 mM TRIS-HCl (pH
7.5) - EDTA 0.5 mM at 4°C overnight.

The resuspended nucleic acids were incubated with 2 pl of 1 mgm].-1
RNAase A solution, that had been heat-treated (viz. incubated at
80°C for 1h), for 60 mins. at 37°C, after which they were again
phenol extracted and pelleted as described above. Finally the DNA
was resuspended in 50 pl TE. Spl of the suspension was normally
sufficient for 1 track in a Southern blotting experiment.

I7.3.1.2 Large scaie (only differences from above noted).

The method described above was scaled up by a factor of 10.
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The incubation at 60°C was for 10 mins., and DNA was spooled

out rather than spun down after ethanol precipitations. For the
RNAase digestion, the DNA threads were resupended immediately

in 2 mls TE, and 0.5 mg RNAase A added. Incubation was for 30 mins.
at 37°C, whereupon 0.1 mg proteinase K ( Boehringer) was added,

and incubation continued for 1 h. NaCl was added to 0.5 M, and the
suspension extracted twice with an equal volume of phenol/CHCl3,
and twice with CHC13. After spooling out from ethanol, and rinsing
in 70% ethanol for the last time, the DNA was resuspended in 2 mls
TE as described above.

I1.3.2 Plasmid o ;

Plasmids from either E, ¢oli or B, subtilis were extracted by
a modification of the method described by Kieser (1984).
Solutjon 1: 0.3 M sucrose, 25 mM TRIS pH8, 25 wM EDTA pHS.
Lysczyme was added to 2 mgml.1 prior to use.

Solutjon 2: 0.3 M NaQOH, 2% SDS

Made fresh once a month, stored at 4°C, and warmed prior to use
to redissolve SDS.
Solution 3: phenol 100 g, chloroform 100 ml, HZO 20 ml.

fered sodj e (3 M)
Neutral phenol/chloroform: A 1:1 v/v solution made with phenol,
saturated and equilibrated first with 1M TRIS pHS8, then with
0.1 M TRIS pHS.

10 x TE: 100mM TRIS pHS8-10mM EDTA pHS

-1 .
RENAase A: 1 mgml stock heated at 80°C for 60 mins.
Aliquots were storedat -20°cC.

I1.3.2.1 Miniscale

Cells from 1 to 5 mls of an overnight culture were pelleted by
spinning briefly in an Eppendorf centrifuge, or in a Sorvall SS34
rotor for 5 mins. at 5000 rpm. 500 pl of solution 1 was added to
the cell pellet, followed by vortexing to resuspend the cells,
which were then incubated at 37°C for 15 mins. 250 Bl solution 2
was added, the suspension mixed by inversion, and incubated at 7OOC
for 30 mins. The sample was then cooled to room temperature. 100/01
of solution 3 was added, mixed in gently, and the sample centrifud”
ed for 5 mins. as above. The supernatant was aspirated to a fresh
tube. 70 pl 3M sodium acetate and 700/ul isopropanol were added,
and the sample incubated briefly at -80°C. Nucleic acids were pelle”
ted by spinning for 2 mins. in an Eppendorf centrifuge, and the

supernatant discarded.
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The pellet was resuspended in 100 Fl'1OXTE/O.3§_sodium.acetate, and extracted
once with an equal volume of neutral phenol/CHCl3. The suspension was spun for

2 mins., and the aqueous phase transferred to a fresh tube, where it was extracted
once with an equal volume of chloroform. The plasmid was precipitated finally
with 2 volumes of ethanol. After chilling for 5 mins. at -80°C , or 30 mins. at
-20°¢, the plasmid was spun down in an Eppendorf centrifuge, and the supernatant
aspirated. The pellet was rinsed without resuspension with 70% EtOH, and chilled
at -20°C. The pellet was respun briefly ( 2 mins.) as above, and the supernatant
removed carefully. The pellet was then lyophilized, and resuspended in 50 pl TE.
1 pl of plasmid was usually sufficient for a slot on a minigel.

11.3.2.2 For Low Copy Plasmids

Some modifications were necessary for plasmids present in low copy
number. Only differences from the above method are noted.

10 mls of an overnight culture were used, and respectively 1, 0.5
and 0.4 ml of solutions 1,2 and 3 added. For the first precipitation
140 pl 3M Na-acetate and 1.4 ml isopropanol were added. After the
lyophilization, an extra step was required, viz. the DNA was
resuspended in 400 pl TE, and 35 ul 0.5M EDTA pH8 and 20 ul RNAase

A were added. After incubation at 37°C for 30 mins, the DNA was
phenol extracted, precipitated and dried. After resuspension in 50
pl TE, 10 pl were normally required for one application on a minigel

IT.3.2.3 Llarge Scale

Solutions as for mini-prep, but in addition:

n-butanol saturated with H20 and CsCl
CsC1/TE Stock: 100 g €sCl, 100 ml TE, 3 ml EtBr 10 mgml™ .

Starting from 100 mls of an overnight cell culture, method II.3.2.1
was followed, using 10-fold greater volumes bf reagents, as far as
the isopropanol precipitation. The resulting pellet was resuspended
in 400 ml1 10XTE/0.3M sodium acetate, and extracted once with the
neutral phenol/CHCl3 solution, and once with CHC13. The nucleic ac-
ids were then precipitated with 2 volumes of EtOH, chilled at -80°C
for 5 mins., pelleted by spinning at 10,000 rpm for 20 mins., and
dried.
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The DNA was resuspended in 500 ul TE. 40 pl 0.35M EDTA pH8 was
added, and the sample incubated at 37°C for 30-60 mins. with 25/ul
RNAase A. 0.5 g CsCl and 15 pl EtBr (10 xngrnl"1 stock) were added,
and the mixture transferred to VTi65 tubes. These were filled up
to the neck with CsCl solution, and the tubes were sealed. After
centrifuging in a VTi65 rotor at 45,000 rpm and 15°c for 18-20 h,
the rotor was decellerated without braking. The lower plasmid
band was "pulled" with a syringe, under UV illumination at 366nm.
EtBr was extracted with the n-butanol solution. The colourless
plasmid suspension was diluted with 3 volumes of water, and preci-
pitated with 2.5 vols. EtOH in Corex tubes. After chilling at -80°¢
for 5 mins., the DNA was pelleted by centrifugation at 10,000 rpm
for 30 mins. The supernatant was discarded, and the pellet dried.
Plasmid DNA was resuspended in 400 pl TE, transferred to an Eppen-
dorf tube, and reprecipitated at an NaCl concentration of 0.2 M
with 2.5 vols. EtOH. After chilling at -80°C, and spinning down in
an Eppendorf centrifuge for 5 mins., the pellet was rinsed with cold

70% EtCH, respun for 2 mins. and dried. The plasmid was resuspended
in 200 Pl TE. 1 pl was usually sufficient for a slot on a minigel.

Plasmids for cloning of chromosomal fragments were always banded
on CsCl gradients.

IT.3.3 Tambda DNA Preparation

Lambda DIL: 0.01% glycerol, O0.01M Tris-HCl pH 7.4, 0.01M Mgso4.
NZY (1 L): 10 g NZamine, 59 yeast extract, 5g NaCl, 2g MgClz.GHzo.
Lambda Top (1 L)

10 g tryptone, 2.5 g NaCl, 6.5 g agar.

This was dispensed into 50 ml portions. Just prior to use, a portion
was melted and cooled to 45°C. A portion was never remelted.

IMR (1 L) (or L Broth containing maltose 0.4% and MgCl2 10mM) : .

10 g tryptone, 2.5 g NaCl, 2 g maltose.

Indicator cells

Recipient strain grown overnight in TMB
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IT.3.3.1 Titrating Stock: Rapid One-Plate Method

A fresh tryptone plate was overlaid with 100 pl indicator cells

in 2.5 ml lambda top (c. 45°C) . The plate was dried at 37°C for 30
mins. with the 1lid off. A fresh plaque was picked into 200 pl
lambda DIL, and left at room temperature for 30 mins. to elute the
'phage; when available ,a 'phage.stock was used instead. 10-fold
dilutions of 'phage in lambda DIL were made in the range 10-1
10-10, and 10 pl of each dilution was spotted on to the plate
overlaid with indicator cells. Twenty mins. was allowed for adsorp-
tion, before the plates were transferred to 37°C for incubation
overnight. Next day, plaques resulting from a dilution giving rise to a
convenient number were counted, and the titer estimated.

IT.3.3.2 Preparation of Plate Lysates of Lambda
5

to

100 Fl indicator cells were preadsorbed with 10~ pfu ( or 5%

of an eluted plaque) for 20 mins. at 37°C. Then 3 mls molten

lambda top at c. 42°C was added, and the mixture spread on a fresh
tryptone plate. The plate was inverted and incubated at 37°C for

8 h, or until lysis was confluent. 5 mls of lambda DIL were added

to the plate, and it was left at 4°C for several hours with occa-
sional shaking to elute the 'phage. The suspension was sucked up,
and the plate rinsed with about 1 ml of lambda DIL, which was pool-
ed with the first suspension. 100 nl CHCl3 was added, and the harves
ted 'phage suspension vortexed briefly, after which it was centrifu-
ged at 4,000 rpm and 4°C for 10 mins. A drop of CHCl3 was added to
the supernatant and it was stored at 4°C.

IT.3.3.3 Large Scale Preparation of Lambda DNA (B. 01d)

Day 0 The 'phage stock was titrated,and a fresh indicator culture
was set up.

Day 1 1 ml fresh indicator, 1 ml 10 mM MgClz, and 100‘pl lambda

DIL containing 107, or 108 pfu were preadsorbed for 10 mins at 37°%¢

(in triplicate for each of the two infection ratios) .After preadsorp~
tion, each sample of cells was added to a 1L baffle-flask containing
300 mls fresh L Broth or NZY, which had been prewarmed to 37°%, and

the flasks were incubated at 37°C for 16 h with slow shaking (120 rev

min-1).
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Day 2 500 Pl CHCl3 was added to each flask, and the flasks were
swirled gently. Their contents were centrifuged at 10,000 rpm for

10 mins. Afterwards the appropriate supernatants were pooled, and

1 ml of both pools set aside for titration. 40g NaCl per liter
supernatant was added, and the suspension swirled to dissolve the
salt. 111g PEG 6000 per liter was added, and the suspension stirred
slowly at room temperature using a magnetic stirrer for 1 h. The
suspensions were kept at 4°¢c overnight, while their titers were
estimated as described in 1II.3.3.1.

Day 3 Suspensions having a titer below 10 pfu/ml were dis-
carded. Those of 3 1010pfu/ml were stirred slowly as above for
1.5 h to resuspend the particles, after which they were centrifuged
at 10,000 rpm for 10 mins. The supernatant was discarded, and the
position of the pellet marked on each tube. 5 mls of lambda DIL were
added to each pellet, and the tubes rocked on a shaker for several
hours, with regqular rotation of the tubes by a few degrees until the
entire pellet was resuspended. Suspensions were pooled, and incuba-
ted at 37°C for 1 h with 10 Pgml—1 DNAase I to degrade chromosomal
DNA, and with 1 mg RNAase A per 25 ml. They were then kept at 4°¢

10

overnight.

Day 4 The suspensions were given a clearing spin at 10 K rpm for
10 mins. The supernatants were then centrifuged in a swingout rotor
at 40K rpm for 1 h, resulting in a yellow gelatinous pellet. This
was resuspended in 500 pl lambda DIL by standing the tubes at 4°¢c
for several hours. Finally, the suspensions were heated at 65°C for
10 mins. to inactivate DNAase I, and then cooled on ice. 30 pl of

a solution of Pronase ( 12.5 mgml-1) was added to each ml of lambda,
and the 'phage incubated at 37°C for 1 h. SDS was added to a final
concentration of 1%, Na-acetate to 0.4M, and the suspension heated
at 650C for 10 mins. After this treatment, the suspension was
phenol extracted,without vortexing, very gently several times until
a clear interphase was achieved. After a single CHCl3 extraction,
2.5 vols. ice-cold EtOH were added, and the lambda DNA spoocled out.
It was rinsed with 70% EtOH, and resuspended in 250 pl TE at 4%
overnight.

1L 'phage suspension usually gave about 2 mg DNA.

IT.4 Transformation Procedures
TT 4.1 Competent Cell Preparation for B. sabtilis was performed

by a modification of the method of Boylan R. J. et al (1972)
10 _x MM (1L):(NH4)2 50, 20 g9, KH2P0 60 g, K,HPO,.3H,0 140 g.

2 4
Salt mix (20 mls)
0.40 ml 0.5M stock CaCl,.2H30 _ 99 -
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0.20 ml 0.14 stockX FeCl,.6H,0
0.20 ml 0.1M stock MnC12.4H20
'*22213 stock was filtered, not autoclaved, and was stored at 4%¢.
87% glycerol(sterile)
KM _stock
Sterile solutions were mixed as follows:
900 ml sterile HZO
100 ml 10xMM

10 ml 10% tri-sodium citrate (dihydrate)

2 ml 1ﬂ_MgSO4.7H20
KM1 & KM2

Sterile solutions were mixed as follows:

KM1 KM2

KM stock 480 ml 480 ml
20% glucose 10 ml 10 ml
20% casaminoacids 500 Ml 500 Ml
5% yeast extract 10 mls 10 mls
0.1 .M Mncl2 15 /.xl -
Salt mix - 0.5 ml
0.5 M Cacl2 - 0.5 ml
1M MgCl2 - 0.4 ml
Erocedure

A culture was grown in L Broth for about 5 h. The following
serial dilutions were made in KMl and grown overnight
in 15 ml tgbes with shaking: 4 serial 25-fold dilutions,
where 0.2 ml was added to 5 ml KM1l, followed by 6 serial
50-fold dilutions, where 0.1 ml was added to 5 mls KMl.

An SS34 rotor, sterile oakridge tubes, KM2 and 87% glycerol
were warmed to 37° C, and a centrifuge to 20°c. 2.5 ml
of the highest cell dilution showing growth after the
overnight incubation was diluted in 22.5 ml prewarmed
KM2, and the incubation was continued for 1 h in a flask,
with agitation. The cells were harvested by centrifugation
at 7,000 rpm for 3 mins. in the prewarmed tubes. The
supernatant was reserved under sterile conditions. 2.2
mls of it was used to resuspend the pellet, and 0.6 ml
87% glycerol was added and gently mixed in. 400 ul aliquots
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were frozen in 1ligquid nitrogen 1in cryotubes, and stored
at -80°C until needed. The transformability of the cells
was checked by transformation with a standard plasmid
(here pHV33). The transformation frequency was typically
10° pg-l, but occasionally was as high as 10° pg_l.

IT.4.2 Transformation of B. subtilis Competent Cells
BC_medium
900 ml H,0
100 ml 10 x MM (see II.4.1)
10 ml 10% Sodium citrate
2 ml 1M MgSO4
1 ml salt mix (see II.4.1)
BIL (freshly made just prior to use)
350 pl BC medium, 50 pl 0.4% glucose, SO‘pl 40 gﬂ.MgClz, 50 pl
2 mM EGTA.

Procedure

-

A portion of frozen competent cells was thawed quickly
at 37°C, and one volume BTF was added. Up to one ug DNA
was incubated with 100 pl of cell/BTF mix, with vigorous
agitation, at 37°C for 20 mins. in tubes that had been
prewarmed to 37° C. The transformed cells were spread on
suitable selective plates.

I1.4.2 B, subtilis Protoplast Transformation (Lars Christiansen)

was performed by a modification of the method of Chang & Cohen (1979).
2_X SMM

1.5 M sucrose 100 ml( firal conc.1.0 M)
0.2 M Maleic acid pH 6.5 30 ml(¢ 0.04 M)
1.0 M MgCl, 6 ml( 0.04 M)
Water 14 m}

adjusted to pH 6.5 and sterile-filtered.

MC buffex

1 vol. 2xLBE

1 vol. 2XSMM

BC plates (1 L): Mixed from stocks prewarmed or cooled to 60°C
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(excepting BSA).

8 g Noble agar in 3C0 ml
1 M Na-succinate pH 7.3 500 ml
10% yeast extract 50 ml
20% casamino acids 25 ml
10 _x MM 25 ml
20% glucose 25 ml
5% BSA 2 ml
1 M MgCl, 20 ml

Antibiotic was added when required eg. 3 }ngl-1 chloramphenicol
EEG-C: 40 g FEG-6000 and 15 mls water. Autoclaved and 50 mls of
2xSMM added. '
Procedure

L. Broth was inoculated from a fresh plate and the cells
grown to Asso c.l (reckoning 1.5 ml per transformation).
The cells were harvested and washed in an equal volume
of warmed MC Buffer, then resuspended in 400 pl MC containing
1 mgqu' lysozyme for each 1.5 ml of original culture.

They were incubated at 37°C for 10-20 mins. while protoplast
formation was monitored regularly under the microscope.

The protoplasts were sometimes frozen at this stage, by
freezing slowly 1in cryotubes packed in ice and then placed
at-80 °C. Each tube had a hole in the cap. Thawing prior
to use was rapid (performed at 6§>C).

10 npl DNA containing 1 pg or more and 600 upl PEG-C were
added to the protoplasts, mixed gently and incubated at
37°% for 2 mins. 400 Pl MC Buffer was added, and the sample
centrifuged for 30 secs. The supernatant was aspirated,
and the pellet carefully resuspended in 200 pl ‘MC, and
incubated for 5 mins. as above, before plating out on
PC plates.

11.4.4 Transformatiorn of B. licheniformis Competent Cells

I7.4.4.1 Pv a modification of the method of Shexratt & Collins
1973).

NBSG-X, BLSG,TM as described by Thorne & Stull (1966).
Penassay (Difco) plates were used. They were identical to NBY
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plates (Thorne & Stull, 1966) except'for having a lower Beef
extract concentration (1.5 gL™' vs. 3 g™
S er's i (1L): peptone 5 g, beef extract 3 g,
Mgso,.7H,0 0.25 g, KCl 1 g.

Acded after autoclaving from sterile stocks:

MnSO, 1 ml 50 mM stock

Fe504.7H20 0.37 ml 0.1 M stock

Ca (NO3)2.4H20 10 ml of 2.4 g % w/v stock.

Brocedure

1) Spore inocula were prepared by growing ceils in 25 mls
Schaeffer's medium for 3 days, harveting spores, and rinsing
twice with sterile H,0. These were resuspended in 1 ml H
incubated 30 mins. at 6§3C, and stored at 4OC.

2) Spores were titrated: dilutions in Tryptone Broth wers pla-

2 ’

ted out on Penassay and colonies scored.

3) 108 spores were inoculated into 25 ml BLSG or NBSG-X in 250
ml flasks and were shaken at 200 rev/min at 37°C for 18 h.

4) Cells were diluted 1/30 in TM. DNA approx. 1 ngml™! was added
in 100 pl1 2 M NaCl and the cells were shaken vigorously for 45
mins.
5) Aliquots were plated out on Penassay (omitting the DNAase I
step described for chromosomal DNA transformation) with anti-
biotic. As control, a 10'4 dilution was plated on Penassay not
containing antibiotic, for viable cell estimation.

I.4.4 a_method su sted b Runi nes labo-

ratorjum A/S)

BL Broth (and Plates)(1L): Tryptone 10 g, Yeast extract 10 g,
NaCl 5 g, (159 agar).
Adjusted to pH 7.0 - 7.5 prior to autoclaving.

An overnight culture was grown up in BLSG, diluted 1:10
in TM, and incubated 3 h. The cells were concentrated
1:10 in the used medium. 10 ‘ml DNA was added to 90 pl
concentrated cell suspension, and shaken slowly at 37
°c for 30 mins. 900 Fl BL Broth was added, and the cells
incubated with vigorous shaking for not less than 3 h.

The cells were then plated out on BL containing 15 JELS

mfd' kanamycin.



I1.4.5 Transformation of B, licheniformis Protoplasts Was performed

by mecdifications 0of the methods of Chang & Cohen (1979), Imana-
ka et al (PVP addition, high Km concentration; 1981) and Akama-
tsu & Sekiguchi (HMP medium; 1982, 1984).
I am grateful to Poul-Erik Pedersen for the tip concerning the
addition of 1% starch to HMP-1.5 medium,.

Solutions as for B, subtilis (II.4.3), and in addition:
€% w/v_PVP: pclyvinylpyrrolidone K90 (Serva). Autoclaved only 10

mins.
20% glucose (autoclaved)

2M Na-succinate pH7.3 (autoclaved)

KzHEQ:'KHzgga 3.5-1.5% w/v (autoclaved)
BEMP-1.5 Plates (1L):
The following were mixed together, warming the solutions slightly to

reduce viscosity.

25 +ml glucose 20%

250 ml Na-succinate 2M

100 ml K,HPO,-KH,PO, solution

250 ml 6% PVP solution

10 ml L-tryptophan 1%

20 ml MgCl2 1M (sterile)

The following solutions were cooled slightly before mixing with
the salts:

50 ml Na-citrate-(NH4)zso4

5 g starch (autoclaved separately in a flask in 100 ml HZO).

8 g agar autoclaved separately in 100 ml Hzo.

Antibiotics were added as required. The plates were not dried before use.
HCP-1.5 Medium

As HMP, but instead of Na-citrate-(NH4)2504, 0.5 g% casamino
acids were included ( starch and agar were canitted)

Procedure

20 mls L Broth was inoculated from a fresh overnight culture and grown

to AGOO c. 0.5.
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The cells were diluted 20X by addition of 1 ml to 20 ml
fresh L Broth, and were agitated vigorously again at 37
OCc until the A600
and resuspended in 1 ml MC Buffer containing 5 mg lysozyme,
and incubated at 42 °C with gentle agitation. Protoplast

was again c. 0.5. The cells were harvested

formation was monitored under the microscope. After about
45 mins., when all the cells had protoplasted, harvesting
was performed gently at room temperature by spinning at
4,000 xg for 5 mins. Protoplasts were gently resuspended
in 1 ml MC Buffer, and pelleted as above. The wash was
repeated once, and the protoplasts resuspended in 200
Bl MC Buffer. 50-100pl were transformed by addition of DNA
( in 10 pl), to which an equal volume of 2 _x SMM had been
added. Immediately, 500 pl PEG-C was added and mixed in
carefully. After 2 mins., 4.5 ml MC Buffer was added,
and the protoplasts harvested as before. They were then
resuspended in 1 ml HCP-1.5 which had been prewarmed to
30 Cb, and 10-'l and 10.2
The protoplasts were incubated at 30 ° for 1.5 h without

‘dilutions made in the same medium.

agitation, to allow phenotypic expression of the selective
marker, before plating out 100 pl aliquots directly on
to HMP-15 plates containing respectively eg. 0;250;500

1

and 750 Iugml- Km and on L Agar control plates containing

lO}.lgml-l Km. The plates were incubated 2-3 days at 37 €.

IT.4.6 Preparation of E. coli Competent Cells

Cells were prepared as described in Maniatis et al (1982), with

modifications, using sterile glassware and solutions.

An L Broth overnight culture was grown up , and 100 mls
L Broth inoculated next day 1:100. The cells were shaken
vigorously in a 1L flask at 37°C to ASSO 0.5 (corresponding
to approximately 5x107 cells/ml Rec  cells), then chilled
on ice for 10 mins. before harvesting at 4°C. The cells
were resuspended in 50 mls ice-cold 50mM CaCl, -10mM TRIS
pH8, then stored at 4°C for 24 h. The cells were either

used immediately, or else frozen until required. They
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were frozen as follows: 1.25 ml glycerol from a cold 80%
solution was added, 200 Bl aliquots were dispensed into
cryotubes, then frozen in 1liquid nitrogen and stored at

-80 €.

II.4.7 Transformation of E. coli Competent Cells

Either freshly aged cells were used, or an aliquot of
frozen cells was thawed slowly on ice (takes 15 - 30 mins).
DNA was added in a volume not exceeding 10 pl. Approx.
1 ng intact plasmid or up to 40 ng plasmid DNA in a ligation
mix was added. The cells were incubated 30-60 mins. on
ice with DNA before being heat-shocked by incubation for
2 mins.at 37 °c. an expression period was found not to
be required for Ampicillin resistance, but for selection
by other markers, L Broth was added to 1 ml, and the
cells incubated at 3P C for 30 mins. without shaking.

10 pl, 50 ul and the remaining volume of the transformation
mixture were spread on suitable plates ( or 5x200 ml if
L Broth had been added).

II.5 Preparation of RNA from B. licheniformis was performed
by a modification of the method of Berk & Sharp (1977) descri-
bed in Gilman & Chamberlin (1983), with a few modifications.
Diethylpvrocarbonate (DEP) - treated HZQ

1L HZO + 1ml DEP (Sigma). Was shaken occasionally, and autoclaved after
24 h.
DEP-treated water was used to make all solutions used for the mRNA
preparation.
Disruption Buffer
30 mM TRIS-HCl (pH 7.5), 100 mM NacCl, 5 mM EDTA, 1% SDS
100 pg/ml proteinase K (Boehringer) Was added prior to use (see
below).
c i Wffe
20 mM TRIS pH7.5-10 mM CacCl
DiidAase I Dicestion Buffer :5; RNA
20 mM TRIS-HC1l (pH8), 10 mM MgCl,, 2 mM CaCl,
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100 )ngl.1 proteinase K-treated DNAase I added (see below).
DiAase I (Worthington, RNaase-free)

Procedure
1) B, licheniformis was grown in mcdified Schaeffer's medium.

Samples were taken at A450=1 (exponential growth; 40 ml); and

TG or Ty, (stationary phase; 20 ml).

2) The cells were spun down in autoclaved 250 ml tubes 1/3 full
of freshly made ice, pre-chilled to -20°C. Cells were spun down
in a chilled rotor at OOC, and resuspended in 5 ml Disruption
Buffer containing proteinase K.

3) Cells were sonicated 3x 10 secs. at 30 W and incubated 60Omins.
at 37° c. '

4) The lysate was extracted twice with phenol: chloroform, once
with chloroform: isocamylalcchol (24:1), once with chloroform ,

and precipitated with 2.5 vols. ethanol, spun down and dried.

5) DMNAase I was pretreated with proteinase K to remove any resi-
dual RNAase activity as follows: (see Tullis & Rubin, 1980):
DNaase I was made 1 mgml-1 in 20mM TRIS pH 7.5-10 mM Cacl2 (Pre-~
incubation Buffer) and preincubated 15 mins. at 37°C. This was
added to proteinase K to give a concentration of prcteinase K of
1 mgml"1 and incubated 1 h at 37°C, after which it was imme-

diately used on the nucleic acid preparation.(As an alternative,
™

a DMAase I preparation such as RQ1 (Promega Biotech) can be
used). ‘

6) The nucleic acids were redissolved in 300 pl DiAase I Diges-
tion Buffer, containing 1/10 vol. proteinase-K treated DMAase I
(ie. 100 /ugm1°1) and digested at 37°C for 60 min. SDS was then
added to 1% (1/10 vol 10%), EDTA to 50 mM (1/5 vol. 0.25 M) and

NaCl to 0.2 M (1/10 vol. 2 M). The mixture was extracted once with

phenol/chloroform,  yjce with chloroform, and precipitated with EtOH.
RNA was resuspended in DEP-H?O and A was nmeasured.

260
II1.6__S1 Nuclesse Mapping
was carried out as described in Gilman & Chamberlain (1983)
Hybridization Buffer: 40 mM Pipes (pH 6.4),0.4 M NaCl,1 nM EDTA
Loading Puffer: BQ% formamide, 10 mM NaOH, 1 mM EDTA, BPB, XCFF

(Sigma, Biorad resp.) 0.04%.
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81 Digestion Buffer: 30 mM sodium acetate (pH 4.6), 0.25 M NaCl,

1 mM ZnSO4, 5% glycerol, 20 Pg/ml,sonicated denatured salmon
sperm DNA.
S1 Nuclease (Boehringer RNAase-free)}

S1 1 s

Labelled hybridization probe was mixed with approximately
20 pg mRNA or 20 pg yeast tRNA (Calbiochem), and precipiated
with EtOH.

The precipitate was rinsed with 70% EtOH, lyophilized
and redissolved in 10 ul hybridization buffer, which was
overlaid with paraffin. The sample was heated at 90 °cC
for 5 mins, and transferred to temperatures from 45 °c
to 66°C, where it was incubated for 3 h. 200 pl ice-cold
S1_Digestion Buffer containing 50U Sl-nuclease (Boehringer)

was added. 1 unit was defined as producing 1 ,lg of free
Pi per minute. Incubation with Sl-nuclease was for 30
mins. at 37 C, after which the nucleic acids were precipitated
with EtOH, and rinsed with 70% EtOH. They were redissolved
in Loading Buffer, Heated for 2 mins. at 90°C to denature,
and plunged into ice. The samples were applied to 8% acryl-
amide-urea sequencing gels (II1.12.2).
II.7 Labelling Technigues

o, lati
was carried out as described below.
Nick translation buffer (see II.7.2)
DNAase I (Worthington) was kept at -20°¢ as a stock solution of

1 mgml™ ! (in 50% glycerol-TE-50 mM KCl-1 mM DTT-100 pg m1~!

BSA) .An aliquot was diluted in H,O0 just prior to use. 2ul of 10~

dilution was added to the reaction).

DNA c. 0.2 ng

10 x Nick Translation Buffer 10 pl

a-32p anTP eg. daTP | .30 pci

2 mM cold dANTPS (as needed) eg.dC,dG,dTTP: 4 Ml of each
H,0 up to ' 100}ul

DNAase I 0.2 ng
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The mixture was incubated at room temperature for 5-15 mins. (period
giving good incorporation was determined empirically for each DNAase
I suspension). The sample was heated at 65°C for 10 mins., then cooled
on ice. 1 pl DNA polymerase I was added, and incubation proceeded

at 16°C for 40-60 mins. The labelled DNA was phenol/CHCJ3 extracted
once.

Removal of Unincorporated Nucleotides

Desalting to remove unincorporated labelled'nucleotidesves per-
formed by standard methods eg. on NENSORB 20 Nucleic Acid Puri-
fication Cartridges (NEN Research Products).

I1.7.2 End-Labelling
TI.7.2.1 Tabelling of Recessed 3' Ends (“Filling-Out")
was performed as described by Maniatis et al (1982), p. 113,

DNA < 12.5 ug
10 x Nick-Translation BufferX 2 pl
a-32p gnTP (2 pmole) | 5 pcio -

2 mM dNTP cold (as needed) (2nmole each) 1 pl )
DNA polymerase (large fragment i.e. Klenow enzyme): 1 unit
Hzo up to 25 Pl

After incubation at room temperature for 30 mins., 1 pl 0.5M EDTA
(pH 8) was added, and the sample extracted with phenol/CHCl, . Desalting
was carried out as in II.7.1, or else the labelled fragment was used

as a probe directly after boiling.
*10 x Nick Translation Buffex

0.5 M TRIS pH 7.2, 0.1 M Mgoo4, 1 mM DTT, 500 }ngl-1 gelatine
II.7.2.2 ILabelling Ends With 3' Overhang

was performed as described by Maniatis et al, 1982 p. 117.

10 _x T4 DNA Pol Buffer

0.33 M TRIS-acetate pH 7.9, 0.66 M K-acetate, 0.1 M Mg-acetaty,

5 mM DTT, 1 mgml™ ' BSA. Stored at -20° C.
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DNA 0.5-2 png

10xT4 Ruffer 2 pl
eg. Q& -32p3ar> T 2 aci
2nM each eg. dGTP, d4CTP, 4TTP 1 ul
H,0 up to 19 }11

T4 DNA pelymerase (PL Biochemicals) 2.5 units

The mixture was incubated at 37°C for 5 mins. 1 Pl ImM cold ATP was
added, and incubation continued for 10 mins. The reaction was terminated
by heating for 5 mins. at 70°C.

IT.7.3 Rinasing (& Labelling) of Linkers & Oligomer Probes
was performed as described below.

Up to 1 A260 unit of linker DNA was labelled in 50 ,.11 TE (7-10 nmoles)
or 40 pmol of oligomer probe (=0.15 ok 14-mer).,

For probes:
DNA in 25 ul
1M TRIS-HCl (pH 7.5) 6 ul
0.1M MgCl, 710 ul
H,0 T 46 Pl
The mixture was heated at70°C for 2 mins.,and cooled to 37OC.

1pl 10 mM ATP (or 70 pci Y-32p arp),

10 pl B-mercaptoethanol 0.1 M ( i.e. 0.78 g/100 ml)

1 mul kinase
were added, and the mixtire incubated at 37°C for 30 mins. The 70°C
heating, addition of reagents thereafter, and incubation were repeated
once, but ocmitting a second addition of labelled nucleotide. The sample
was then phenol/chloroform extracted, extracted with CHCl3 ,» and precipi-
tated with EtOH.
For linkers:
Linkers were kinased as above, but extra ATP was added when the kinase
step was repeated., At the end of the second incubation, the sanmple
was heated again at 70 Oc in a water bath (eg. a beaker). The sample
and water bath were transferred to 4 < and the strandsallowed to anneal
overnight. Such samples were stored at -20°c.
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I1.8 Hybridization Techniques

I1.8.1 Southern Blotting

was carried out as described below.

Transfer of DNA to filterswas by osmosisas described by Southern
(1975) in 20xSSC. PALL Biodynel™™
used and the accompanying manufacturer's instructions followed

transfer membranes were

regarding membrane treatment, hybridization, "stripping" and re-
hybridization. Gels were denatured in 1.5 M NaCl-0.5 M NaOH for
30 mins., and neutralized in 3 M Na-acetate (pH 5.5) for 30 mins.
Filters were not rinsed after transfer, and were baked for 1h at
80° c.

i1xDenhardt's solution: 0.02% w/v BSA (Sigma Fraction V), PVP,
Ficoll-400.
1xSS¢ = 0.15 M NacCl, 0.015 M Na-citrate

Hybridization Buffer (Large Probes)

5xSSC, 5xDenhardt's solution, 50 mM Na-phosphate (pH 6.5), 0.1%
SDs, 250 f.lg'mf1 salmon sperm DNA, (Sigma) (sonicated 5 mins.),

50% formamide (deionized), 10 ug m1"] polyA.

Filters were preincubated 1 h at 42°¢ prior to addition of the

denatured probe. Incubation was at 42°C, in sealed plastic bags.

Washing Procedure (lardge Probes)

4 washes in 2xSSC -0.1% SDS at room temperature (30 mins./wash).
2 washes in 0.1xSSC - 0.1% SDS at 50° C (3C mins./wash).

Hybridi . Bufs (01 eric prol

6XSSC, 10x Denhardt's solution, 0.1% SDS, poly A 10 }.xgml-1
Preincubation was at appropriate temperature overnight prior to
addition of probe.

Washina cedure (0lijio

1 wash in 6xSSC / 0.1% SDS (1 h)

4 washes 2xS$SC / 0.1% SDS (30 mins./wash) at appropriate tem-
perature '

I1.8.2 Colony Hybridization (E. coli) (Whatman 541 Filters)

Filter Prevwaration
The colonies were replica-plated, reserving one plate

for later isolations. A Whatman filter was placed on one
plate, and it was incubated for a further 2 h at 3FcC.
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. The filter was transferred, colony-side down, to Cn?oo

plates, and incubated for 24 h at 37°C. The filters were
treated, with shaking, for 2x5 mins. in the following
solutions, at room temperature:

(a) 0.5 M NaOH, (b) 0.5 M TRIS pH 7.4, (c) 2xSSC pH 7.0.

Each filter was briefly dipped in 96% EtOH, and air dried.
Hybridization

The filters were hybridized in 6x NET for 1 h at 55 o

(6XNET = 0.90 M NaCl; 0.09 M TRIS HCl pH 7.5, 0.06 [ EDTA

+ 0.5% Nonidet P40 (BRL)).

Prehybridization was in above mixture <containing also

100 I‘\.gml-l sonicated denatured E. coli DNA for 2-16 h
at 55 °c. Hybridization was in §gxNET containing 250 pgml’l
tRNA, and the denatured labelled probe at an appropriate
temperature (probe-dependent).

Washing Filters

Filters were washed 5x (10 mins./wash) in 250 mls 6xSSC
at Oct, and 3x as above at the hybridization temperature.

In my hands, only oligomeric or end-labelled (not nick-trans-
lated) probes could be used effectively in this procedure.

TI.8.3 Colony Hybridization (B. sub+tilis) (PAL Biodyne filters)

was carried out by the following protocol.

Fil E .

Colonies were replica-plated, and transferred to PAL Biodyne
filters by laying the filter on a plate for 1 minute.
The filter was placed, colony-side up, on a pad of filter
paper soaked with 0.5M NaOH-1.5M NaCl, and left 5 mins.

It was then placed on a pad soaked in 3M Na-acetate pH5.5,
and left for 5 mins., after which it was blotted well
between two sheets of filter paper, and air dried. The
filter was baked for 1 h at 80 T.
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Hvbridization to Kinased Oljigomeric Probes (see II.8.1).
5% of a portion of oligomer labelled up as per II.7.3 was need-

ed per filter.

Hvbridization to End-Labelled Probes
Preincubation was performed as above. The filter was incuba-

ted with denatured labelled probe in: 50% deionized

formamide, 5x Denhardt's solution, £x SSC, 50 mM Na-phosphate
(pH 6.5),0.1% SDS, 20 }_1qml"1 polya, 100 ;.xgml—1 E. coli soni-
cated denatured DNA, for 24 h at 42°C, and washed as above.

I7.8.4 Northern Blotting .

was performed as described below.

The RNA denaturing gels were run according to the method of Leh-
rach et al (1977), exactly as described in Maniatis et al (1982),
p.202, in a gel apparatus reserved for RNA work.

The 20x20 cm agarose-formaldehyde gel was run at 60 V overnight
with recirculation of 1xMOPS (Sigma) buffer.
Hvbridization to DNA Probe Wwas performed

in 50% formamide as in II.8.1, but with 1% SDS, 500 Pgml-
mon sperm DNA instead of 250}pgm1-1, and omitting polyA.
Prehybridization: a minimum of 4 h at 42° c.
Bybridization: overnight at 42° c.

1 sal-

Washing Procedure

2 washes in 2xS8SC (5 mins. per wash, room temp.)
2 m » 2xSsc, 0.5% SDS (30 mins. per wash, 65° C).

2 " " 0.1xs8sC (30 mins. per wash, room temp.)
IT.9 Enzyme Assays

IT.5.1 Proteolvtic Activity Determinations

Exoproteolytic activity was assayed in 2 ways.

II.0.1.1 Plate Assay

Culture supernatants were applied to wells in 1% skim-milk, 1%
agarose in 2°5mM sodium phosphate (pH8). These plates were the
most sensitive, and were made by boiling the agarose in Lbuffer,
followed by coocling and the addition of skim-milk from a 10%
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sterile stock solution.

Alternatively, in a modification of the dual-substrate plate
assay described by Montville (1983), they were applied to wells
in a plate containing 1% skim-milk, 1% gelatine, 1.5% agar in
25 mM sodium phosphate. The gelatine and agar were autoclaved
in buffer, and after cooling the skim-milk was added from a 10%
stock. This method gave clearer, better defined halos that pho-
tograph more easily but were not sensitive to small changes in
exoprotease activity.

IT.9.1.2 Azocoll Assay
Azocoll (Calbiochem 50-100 mesh). The grains were ground
further in a pestle: the more finely ground, the more intense
the colour that developed . For consistent results, the same
batch had to be usecd.

unffer: 10 mM TRIS HC1 - 100 pmM NaCl, pH 6.8
EDTA: 0.5 M pHS8
PMSE: 10 mgml™ ' i.e. 1% in isopropanol.
Samples: Aliquots of culture supernatant (spun again to remove
residual cells), preferably fresh. Otherwise the supernatant
was frozen at -20°c, and thawed just prior to use.

Note:About 30% activity was lost in one freeze - thaw cycle.
Samples kept overnight at 4°c also lost considerable activity.:

Brocedure

1. 100 mg Azocoll was weighed out into conical flasks.

2. The sample (30-2000 pl) was preincubated at 37°c with or
without inhibitor for 30 mins. The buffer was also equilibrated
to 37° ¢ for 30 mins.

Inhibitor concentrations in the sample were 1 mM PMSF, 10 mM
EDTA, and correspond to the addition of 25 Fl of each of the
stock solutions per ml sample.

Blank samples were prepared with 1 ml medium instead of culture
supernatant.

3. At the end of the preincubation, 60 mls of buffer were added
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to the Azocoll grains, and the sample was added.

4. Incubation was for 15 mins. at 37°C with vigorous sha-
king.

5. After precisely 15 mins., samples were filtered free from
the remaining Azocoll through Whatman filters.

6. The A520 nm was read.

Note: Preincubation with inhibition was essential for a speci-
fic effect.
Azocoll could not be added as a suspension.

A mini-assay with 5 mg Azocoll in a total reaction volume of

3 mls similarly gave a linear response up to an OD of ¢.0.6,
which corresponded to proteolysis by 6 ug of a preparation of
subtilisin Novo under standard conditions. The mini-assay how-
ever, gave less reproducible results than the method described

above.

771.9.2 Xvlosidase Assay (Sven Hastrup)

Intracellular activity was detected and quantified as follows.
Plate Assay The plates were spray-
ed with 1 mM MUX i.e.4-Methyl-umbelliferyl-p -D-xylopyrano-
side in 10 mM K-PO,
light. Positives fluoresced with a blue glow.

Colorimetric Assay
Samples of culture were frozen at -20° C until assaved.

100 pl culture was added to 1 ml ggf‘
¥pE = 10 mM R-phosphate - 1 mM EDTA (pH7.1).

100 Pl PE containing a pinch of lysozyme was added and Atﬁe mixture
incubated at 37°C for 5 mins. When lysis was evident, 100 ).11 BNPX
was added, and incubation continued for 1 h. 1 ml 1M N32 coj was added,

and A430 read vs. a reference (lqul medium, l.lml PE, lOQpl PNPX,
lml Na,CO,).

. ,
PNPX = 12 mM p-nitro-phenyl-g-D-xvloside

buffer, pH?7.0-1mM EDTA, and visualized under UV



S Colonies {(Boachner et al .198N0)

IT .10 Selection of Tet
A freshly grown culturewas diluted in phosphate buffered salt
solution to about 107 cells/ml,(A550 = 0.5 corresponds to ap-
proex. Sx1O7 Rec  cells/ml; ASSO = 0.2 corresponds to approx.
5x10’ Rect cells/ml)

0.1 ml of such a suspension was plated on fusaric acid plates.

Fusaric Acid Plates (1L) : agar 15 g, bactotryptone 10 g, yeast
extract 5 g, NaCll 10 g, glucose 2 g, chlortetracycline-HCl 50

mg (Sigma), NaH2P04H20 10 ¢g.

Above ingredients were autoclaved and cooled. 6 ml fusaric acid
(2 mg/ml), S ml 20mM ZnCl,, and auxotrophic requirements were added.

T ans
Sources: N. Fiil, T. Christensen, and Miller, J. H. (1972).
R-Agar (1L): 10 g tryptone, 8 g NaCl, 1 g yeast extract

Top Agar contained 8 gL-1 agar

Plates contained 10 gL-1_ agar

Above components were autoclaved and the following added:

2 ml 1M CaClz, 5 ml 2% glucose (per liter)

The plates were always freshly prepared ie.at most one day old.
LB containing 5 mM CaC12

Sodium citrate 1M

McConkev Agar (Difco) Plates contained 1% maltose (added from
a 10% sterile-filtered solution after autoclaving).

AB Minimal Plates (Phosphate Buffer)

A: per 200 ml: (NH4)2SO4 29, NazHPO4 69, KH2PO4 3g, NaCl 3g.
B: per 800 mls: 1 M_Mgcl2 iml, 0.1 M CaCl2 1iml, 3 mM FeC13 1ml.
The 3 solutions comprising B were autoclaved separately.

A and B were mixed in the ratio 1:4 (pH7-7.2).

Agar (final concentration 2%) was autoclaved in 800 ml Hzo.
After cooling to 60°C, the followingvgre mixed together:

200ml AB,800ml agar,iml each 1 M MgC12,0.1.M CaC12,3 mM Fecl3.

The selection substrate, here maltose, was added to 1% from a 10% ster-

ile-filtered solution and sodium citrate added to 20mM from a
1 M stock to prevent reinfection. In addition, auxotrophic
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requirements and thiamine (1 ml of a 1 mgm1°1stock) were
added.
Methcdology for Preparation of P1 Lvsate was

exactly as in Millexr (1972) viz. One dxop of an overnight cul-
ture of the donor straimwas subcultured into 5 ml of L Broth
containing 5 mM CaClz, and grown till the cells reached a density of
2x1O8 cells/ml (OD4SO=1 corresponds to approx.3 x108 cells/ml).
Plvir was preadsorbed by adding107 phage to 1 ml of this exponen-
tial culture and incubating 20 mins. at 37%.

2.5 mls molten R-Top Agar was added, and the cells plated onto a fresh

R plate, which was incubated at 37Cb, face up, for 8 h. The Top Agar
was scraped off, the plate rinsed with 1 ml L Broth, which was pooled
with the Top Agar. 5 drops of CHC]3 were added, and vortexed for 30
secs. After standing at roam temperature for 10 mins., the debris
was centrifuged down, and the supernatant stored at 4 Oc with a few
drops ofCBC%.

Generation of Recipient Strain - see text (III.4.4.2.3)

Transduction Procedure ( N. Fiil )

An overnight culture of the recipient strain was grown .in L Broth
containing 5 mM CaCl . A portion of the Pl lysate was allowed to air
for a while to remove traces of CHC13. The lysate and cells were incuba-
ted together for 20 mins. at 37°% in the following ratio v/v: Lysate:
Cells:: 10:1 & 1:10Usually, 10 pl, and 100 pl were used. The cells were
spread directly onto the selective AB plates containing 20 mM sodium
citrate to prevent reinfection and incubated 48 h at 37c.

"II.12 Gels
12.1  Gels: Non-Denaturi

PB Buffer= Running Buffer

10X PB (2L): Tris-HC1l 216 g, boric acid 110 g, EDTA 18.6 ¢ (pH
approx. 8.3).

For analytical or preparative purposes the following were used:
0.8-1% agarose: intact plasmids, fragments down to 1 kb

1.5% agarose (Sigma): fragments 400 bp - 1 kb
1.7% agarose : fragments 100 - 400 bp
5% polyacrylamide : fragments smaller than 400 bp

Agarose gels and Running Buffer contained ethidium bromide at
1 ﬁ§m1-1.
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Acrvl-Bis: acrylamide-N,N methyl bisacrylamide (Serva) 29:1% w/v
5% i el: 16.7 ml acryl-bis, 10ml 10xPB, 77.7ml HZO,
40 Fl TEMED (Biorad), 0.64 ml 1% ammonium persulphate

Prerun 1 h at 200 V, run at 200 V.
Stained 10 mins. with EtBr solution 1 Pgml
Samples: Applied after addition of 1/5 vol. Ficoll mixture (35%
Ficoll-35;0.1% BPB (Sigma) & XCFF (Biorad), 40 mM EDTA).

-1

.12, Gels: Dena in
0.15 mm thick, 25 x 40 cm or 80 cm
Acrvl-bis 40 - 1.3% w/v
Buffex = 3/4 PB

Acrylamide conc. 20% 8%

Urea 72 g 72 g
acryl-bis 80 ml 32 ml
Hzo 25 ml 70 ml

The above ingredients were dissolved over gentle heat with stirring.
1 tsp. Amberlite Monobed Resin (Serva) was added, and stirred for
10 mins. The beads were filtered off using a Whatman filter, and the
volume adjusted to 154 ml with water. 12.5 mls 10xPB were added, and
the mixture degassed briefly. 40 Fl TEMED (Biorad), and 0.9 ml of
a freshly made 10% APS solution were added. The gel was cast, and
run at 1W/cm. The position of the XCFF dye corresponds to that of a
67b fragment on 8% gels, to 29b on 20% gels.

Samples: Applied after boiling 2 mins. in 8M urea (deionized)
containing 0.1% XCFF.

I 3 _¢eps P

20x20 cm x 1 mm

Lower Gel Puffer: 1.5 M TRIS-HCl pH 8.8 contained 0.4% SDS
Upper Gel Buffer: 0.5 M TRIS-HC1 pH 6.8 contained 0.4% SDS.
Acrvl-Bis : 29.2-0.8% w/w 1.e.100g~-2.74g made up to 343ml.
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Lower Gel Upper Gel
14 ml Acryl/bis 1.5 ml
10.5 nl appropriate buffer 2.5 ml
17.5 ml water 6.0 ml
252 ml 10% APS 30 )ul
33 ul TEMED 10 ul

The mixture was degassed prior to the addition of TEMED.

x Sample Buffe

25% Upper Gel Buffer, 20% glycerol, 4.6% SDS, 10% beta-mercap-
toethanol (added just prior to use), and a sprinkling of BPB.
Sample Djlution Buffer with Inhibitors

(for protease-containing samples)

1 vol 2x Sample Buffer, 1/5 vol PMSF (sat. solution in EtOH),
1/5 vol 1% EDTA (in water). Made up to 2 vols with water.

SpsS Puf (Running Buffer) (1L)
0.025 M TRIS 3 g, 0.192 M glycine (pH8.3) 15 g, 0.1% SDS 1g
Molecular Weight Standards (Pharmacia): phosphorylase b, 94kdal;

BSA, 83kdal; ovalbumin, 43kdal; carbonic anhydrase, 30kdal; soy-
bean trypsin inhibitor, 20.1kdal; alpha-lactalbumin, 14.4kdal.

Subtilisin Markers: 1 mgml°1 in Sample Dilution Buffer.
Applied 1-20 ul.

Gel Preparation

A 3 ml plug of lower gel mixture was poured, after addition of extra
TEMED and APS. The Lower Gel was poured to within 4 cm of the top,
and overlaid with water. Once it had polymerized, the water was removed
and the Upper Gel, in which the camb was inserted, was cast. The gel
was run at 150 V (c. 20 mA) while the BPB dye moved through the Upper
(stacking) Gel, thereafter at 250-300 V until the BPB dye reached

the bottom.

Staining of SDS Gels

Brilliant Coomassie Blue R at 200 mg/l in 7.5% acetic acid, 50% EtOH,
was used. Gels were stained for 1 h, then destained overnight in 7.5%
acetic acid. After photography, the gels were transferred to filter
paper (Whatman/Chr) and dried down.
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I1.12.4 Preparation of Samples for SDS Gels

From Bacillus spp.
Culture Supernatants

20 ml L Broth overnight cultures were used. The A450 was read, and
a volume normalized for cell density differences was taken from each
sample (c. 10 mls). The cells were harvested at 7k rpm for 10 mins,
and 1/10 vol. ice-cold 50% TCA added to the supernatant, which was
set on ice for 1 h. The proteins were collected by centrifugation
at 10k rpm for 20 mins., and the pellets drained well. 10 ul 10N NaOH
and 50-100 pl 2x Sample Buffer were added. If the sample turned yellow,
5 pl IM TRIS pH8 was added. Inhibitors were added if proteases were
present, and the volume was made up (see II.12.3, Sample & Dilution
Buffers, as appropriate).

From E. coli Cells

Cells equivalent to 0.25 A450 units were resuspended in ZO‘pl
1x sample buffer and applied to one slot.

211 samples wereboiled for 3 minutes prior to application to gel.I
samples were used a second time, they were reboiled.

1 Weste B
Transfer of Proteins from SDS Gel to Filter
0.1, 0.2 or 0.45 micron nitrocellulose filters (Schleicher &
Schull), and a Biorad Transblot apparatus were used, and run
at 25-30 V (100-150 mA) overnight. A control strip of filter
was stained with Amido Black to check transfer, and visualize

marker bands.
All steps at room temperature unless otherwise stated.

ELISA Procedure

Filters were incubated with 200 mls Blocking Buffer,for 2 mins. with
gentle agitation, then with 50 mls Washing Buffer containing the speci-

fic antiserum in different concentrations: 1000-10000x dilutions were
incubated overnight; 300-3000x dilutions for 1-4 h. 100 }.11 PMSF from
a saturated EtOH solution, and 100 pl 1% EDTA were added. The filters
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were washed 3x in 100 ml Washing Buffer (10 mins./wash) with gentle
agitation. They were incubated for 2 h with 50mls Washing Buffer and
the io antiserum-peroxidase (Dako), then washed 3x as before. One

10 minute wash in 100 ml acetate Staining Buffer, was followed by
a 5 minute incubation with freshly made Peroxidase Substrate Solution
with gentle agitation. The filters were washed several times in
.H,0, for 10 mins. at a time, then washed once in 50mM Na,S,0¢ for 5
mins. The filters were finally dried at room temperature, and photogra-

phed.

Solytions for Western Blotting

mransfer Buffer (pH 8.4) (3L):25 mM Tris 9.08 g, 192 mM glycine
43.2 g, methanol 600 ml, SDS 0.1% 30 ml 10% stock.

Washing buffer (pH 10.2) (5L) : 50 mM Tris 30.3 g, 150 mM sodi-
um chloride 43.8 g, 5 mM sodium azide 1.6 g, 0.05% Tween 20.
Blocking Buffer (pH 10.2)(1L): 2% (w/v) Tween 20 20 g (Merck art.
822184), Washing Buffer ad 1000 ml.

Staining Buffer (pH5.5) (1L) : 50 mM sodium acetate 6.8 g,
glacial acetic acid 1.75 ml, water ad 1000 ml.

Peroxidase Substrate Solution

1% (w/v) 3-amino-9-ethyl carbazole in acetone (Sigma no.A-5754)
(freshly made),50 mM sodium acetate buffer, pH 5.0 50 ml, 30%
(w/Vv) Hzo2 25 Pl

In spite of some precipitation no filtering Was necessary.

NaESEQE 0.95g/100ml

amido Black Staining Solution : o_é % (w/v) Amido Black 5 g,
methanol 450 ml, water 450 ml, glacial acetic acid 100 ml.
Destaining Solution : as above without Amido Black.

TT 14.1 DNA Sequencing (Maxam & Gilbert (1977))

A modification of the original procedure (Michael Berman NCI-
Frederick Cancer Resarch Facility, Maryland ), was used.
Solutions

S M NaCl

Carrier DNA: 1C mg/ml Calf thymus DNA (Sigma)
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DMS PPt: 3 M NH4—acetate, 0.1 M Mg-acetate, 100 pg/ml carrier
DNA, 25 pnM beta-mercaptoethanol

Prridinium-formate (Pvr-For): (1Q ml)

1T M formic acid (0.45 ml 88% formic acid adjusted to pH2 with
a few drops of piperidine)

NH! PPt: 2 M_NH4-acetate

DMS Buffer: 50 mM Na-cacodylate-NaOH pHS, 10 mM MgClz, c.1 mM
EDTA pHS. ’
Hydrazine PPt: 2 M NH,-acetate, 20 }.1g/ml-1 carrier DNA.

Chemicals (all to be used with cauticn)

Riperidine (10 M stock),diluted 10x just prior to use; piperi-
dine was added to water. .

Hydrazine 95-98% (WAS INACTIVATED WITH 2M FeCl,)

Dime+hyl sulfate (DMS)(WAS INACTIVATED WITH SN NaOH)

SECUENCING PROTOCQL shown on the next page was followed.

drawn-out Pasteur pipettes,
dry ice - ethanol bath (-70° c),
and $0° c, 30° C water baths were required,

and tubes were marked with alcohol-resistant ink.

In the work scheme shown on the next page, " ' " signifies
"minutes".
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the
in the
l ml

carefully removed with a

REACTION A&G G C&T C
DNA 10 10 10 5
carrier DNA 1 1 1 1
water 9 - 10 -
5M NaCl - - - 15
DMS Buffer - 200 - -
Pyrfor 2
30%¢/ 30"
Hydrazine 30 30
20%¢/8'{20% /8%
HYD.PPt 200 200
EtOH 800 800
-70%¢/5"
Spin
DMS 1
D094
NH4PPT 200 200
EtOH 700 700
-70°¢/s5 "
Spin
DMS PPT 50
EtOH 80C
-70%/5"
Spin
NH4 PPT 200
EtOH 800
-70°C/EtOH
Spin
A&G G C&T C

last centrifugation, all samples were
same way. They were rinsed without

70% EtOH, spun briefly, and the

and

samples
of glass

clamped over
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incubated at 90 °c for 30 mins.

tubes'

treated
resuspension

supernatant
Pellets were
lyophilized, then 60 ul of 1M piperidine (1 e. 10x diluted)
added,

a plate



prevent them opening. Thereafter the samples were frozen
in a dryice/EtOH bath and lyophilized, which process took
approx. 1 h. The samples were dissolved in 100 )11 Ho O
before freezing and drying as above. The pellets were.
resuspended as described in II.12.2 so that at least 15
cps in at most 2 pl could be loaded for all reactions,

excepting 7.5 cps for the C reaction.

NOTE: When the first 10 bases were not required to be read, EtOH
precipitatiom was carried out immediately after the piperidine incubation
as follows: 0.5 Pl carrier DNA, 9 pl 5M NaCl, and 450 pl EtCH

were added, the samples frozen at -80°c for 5 mins., and DNA spun
down and dried. The samples were run on appropriate denaturing gels.

II1.14.2 Sanger Method jin M13

A procedure adapted from Messing et al (1981) & Sanger et al
(1977), was used.
M13 Host Strain: IJM10l (see Table 4).

This host was maintained on minimal plates to ensure that the episame
was not lost. Cells were always grown from a single colony.

Media: (1L)

YT : Bactotryptone 8 ¢g; Bacto Yeast Extr 5 g; NaCl 5 g
2XYT: .Bactotryptone 16 g; Bacto Yeast Extr 10 g; NaCl 5 ¢

IT . 14.2 1Mini-Prep. for Double-Stranded Repljcatjve Form

The following were grown overnight at 37°C with shaking :

a blue plagque of JMI01 infected with the desired M13 vector which
has been grown on Xgal-IPTG plates (see below), and picked into 2
mls 2x YT, and 10 mls 2xYT inoculated with a single colony of JM101
Add 100 pl of the former, and 1 ml of the latter to 100 mls YT. Harvest
the cells after 3 h incubation at 37°¢ with vigorous aeration, and
proceed as for plasmid preparation (II.3.2.3).
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Cloning jn+o M13 Vectors : Az standard procedures.

Transformation into JM101

20 mls YT was inoculated with a single colony of JM10l, and grown
5-6 h at 37°C, until the A,
resuspended in 10 mls cold 50 mM CaCl,, and left on ice for 20 mins.
before resuspension in 2 mls CaCl,. To the dregs of the culture that
was used for campetent cells, 2 mls YT was added, and the cells incubated

was about 0.3. The cells were harvested,

at 37% during the transformation to provide a lawn upon - plating
out. The ligation mixture , preferably in several aliquots, was added
to 200 pl aliquots of campetent cells, and incubated on ice for 40
mins. 1he cells were then heat shocked for 2 mins. at 42%c. During
the shock, the following reagents were mixed in the given order: 3
mls YT soft agar at 4 c (per plating), 30 pl Xgal (stock 20 mg/ml
in dimethylformamide), 20 ’Jl IPTG (stock 24 mg/ml in water), 200 pul
of exponentially growing cells. This cambination was added to the
shocked cells and plated out on YT. The plates were incubated overnight
at 37 ¢. Ccolourless plaques indicated the incorporation of DNA into
the cloning site.

II1.14.2.2 Preparation of Single-Stranded DNA Template

20 pl of a saturated overnight culture of JMIOl was added to 25 mls
of 2xYT, and dispensed into 1 ml aliquots. Individual plaques were
picked into 1 ml broth, and shaken at 37°C for 5-6 h. At the end of
this time, the cells had grown to high density. They were poured into
Eppendorf tubes (tt), and spun 5 mins. Approx. 0.8 ml was decanted
into a fresh tt. Sterile glycerol was added to the pellets, and the
suspensions kept at =20 % to provide 'phage stocks. 200 /ul of 2.5M
NaCl/20% PEG 6000 was added to the supernatants, which were incubated
at room temperature for 15 mins. before being spun (5 mins.). The

supernatants were poured off, and the tts spun briefly to collect
droplets of PEG. All remaining PEG was aspirated with drawn-out pipettes.
The pellets were usually clearly visible at this stage.
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100 pl TE and 10 pl 3M sodium acetate were added, as well as an equal
volume of saturated phenol. The samples were vortexed for 10 secs.,
left 5 mins. at room temperature, then vortexed again for a full minute.
After spinning to separate the phases, the aqueous phase was re-extrac-

ted with phenol, then extracted 3 times with ether. EtOH was added
to precipitate DNA. The samples were quick-frozen, spun, and the pellets
rinsed with 70% EtOH before drying. The DNA was resuspended in 50
’11 TE. 5 pl was run on a minigel, omitting XCFF dye fram the loading
buffer. The ssDNA bands were very intense to the eye, at about the
position of XCFF dye that was run in a marker track, when the gel
was visualized under UV light after EtBr staining. It was essential
to check that ssDNA had survived the isolation procedure in this way.
The ssDNA was stored at -20 c>C. Whenever a particular fragment was
cloned, ssDNA was always prepared from several colourless plaques

as well as a few blue ones, and put through a"T-screen."

SsDNA concn:? as made up in standard way. Primer at 2 ng/pl.
Preparation of Annealed Clones: (viz. hybridization of primer to
$sDNA) was performed as described below by mixing
in a 400 pl tt: 5 ul ssDNA, 1 ul Hir?"‘+ DTT, 2 pul primer, 2 ul
water.

*E_Ln was as follows: 0.1 M Tris pH 7.4, 0.1 mMgClz, 0.5 M
NaCl. 1}11 of 0.1 M DIT was added to 9 ul Hin immediately prior to use.
The samples were boiled 5 mins. and the cloned allowed to come to
room temperature gradually. 2 pl of such hybridized clones was used
for each reaction.
Note: New clones were usually "T-screened" by performing Jjust the
T reaction.

The Dideoxy Reactions:

For each base reaction the following was used

1-5 pCi of a-.“P GATP (Specific activity 400 Ci/mmeol).
1 pul dNTP' solution (deoxy NTPs)

1 pl ddNTP solution (dideoxy NTP)

c.2 }11 Klenow enzyme (O.SU//.xl)



The ANTP' mixes were prepared as _follows:
dTTP' dcTpP! dGTP' dATP'

0.5nM 4TTP 1 20 20 20 microlitres
C.SmM dCTP 20 1 20 20
0.5mM dGTP 20 20 1 20
50 pM Tris, imM EDTA pH8 5 5 5 5

0.5m4 AATP in 5 M TRIS, 0.1 mM EDTA was made for the "chase".
Preparation of d3dNTP solutions: The optimal concentration was
- determined foxr each new batch of ddANTPs and enzyme. The op-
timal concentrations, were near the top of the following range:
ddTTP 0.5-2.5mM; d4d4dCTP, d4d4GTP 0.3-0.7mM; ddATP O.1-1mM.
Having optimised the concentrations of the ddNTPs, stocks were
made of "A mix", "T mix", etc., by mixing equal veclumes of
the dNTP' and d4dNTP mixes. This was dispensed into 10 pul
aliquots and kept at 20 Sc. Unnecessary freezing and thawing of AAdNTP
stocks was avoided.
The Dideoxy Reactions:
1-5 rl of Q-32 P dATP x the no. of reactions, 2 pl of "A mix" x the
no. of reactions, and 0.2 }ﬂ. of Klenow x the no. of reactions, were
added to a tube marked "A". The reagents
were mixed together well, and kept on ice. Using Gilson tips, the
same procedure was carried out for G,T, and C. The hybridized clones
(ZPl) were dispensed into tubes marked with the name of the clone
and A,G,T or C.
At t=0', 2‘pl 32P/dNTP'/d.dNTP/Klenow mix was added to 2 pl of hybridiz-
ed clone. It was mixed, and incubated for 15 mins. at room temperature.
At t=15 mins. 1 pl of 0.5 mM JATP was added to each tube, mixed in,
and incubation continued for 15 mins. (the "chase").
At t=30 mins. 4 pl of formamide mix (0.03% XCFF,BPB; 20 mM EDTA in
Geionized formamide) was added, and the samples boiled for 2 mins.
2 Fl was applied to sequencing gels (II.12.2).

TI.15 Ouchterlony DRouble Diffusi tes
The following method was applied:
Buffer: O0.1M potassium phosphate (pH8), 41.3ml KH,PO, 13.6g/L,

58.7 ml KZHPO4 17.4 g/L.
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Gel: 1 g agarose,5 ml glycerol, S5 ml Buffer.

The mixture was boiled, cooled, and poured onto clean, ethanol-rinsed
glass plates. Wells 4 mm in diameter were punched.

Diffusion: After the samples had been applied to the wells, diffusion
in a damp chamber for 24-48 h at room temperature was allowed.

Pressing, Washing and Drying: The plates were pressed as follows to

remove non-precipitated proteins and achieve a low background.

The plate was placed on filter paper, and distilled water poured on
so that all the wells were filled. Approx. S5 layers of filter paper
were placed on the gel, followed by a glass plate which was weighted
down.After 5 mins., the upper filters were replaced and the washing
and pressing repeated. The gel was washed in 0.1M NaCl for 15 mins.,
then pressed for 10 mins as above. This washing and pressing was
repeated 2-3 times. Finally, the plate was placed in distilled water
for 15 mins., and dried in a stream of hot air.

Staining:

Stain Solution: Cocmassie Brilliant Blue R 250 5 g, ethanol 96%, glacial
acetic acid 100 ml, distilled water 450 ml. The reagents were mixed

overnight, then filtered.
The gels were stained for 5 mins., then destained 3x 10 mins. with
Destain Solution, which is as Stain Solution, but with the omission

of Coamassie Blue.  The destained plates were dried in a stream of
hot air.
Samples:
15 pl of antibody preparation, or protease-containing supernatants
(which had been spun ‘twice), and diluted in buffer, when necessary.

Supernatants were treated with PMSF (2.5 pul of 1% PMSF in iso-
propancl pexr 100 Fl supernatant) prior to dilution in buffer.
Positive controls: 0.1% (1mgm1-1)“ Alcalase” or subtilisin Novo.
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T.16 Removal of S5'-Phosphate with Calf Intestina kaline

Phosnhatase (CIP) (Boehringer).
was performed as follows: DNA, 0.5 pl CIP (10 units), S0 ul SO0 mM

TRIS pHS, lmM EDTA, were incubated for 1 h at 37°C in a final
volume of 100 pl. The DNA was then extracted with phenol, and recovered
by precipitation.

1 )0l + 4
1) DNA fragments were electrophoresed into DEAE-paper (Schlei-
cher & Schull NA 453).
2) Paper carrying the fragment was rinsed briefly with cold Hzo.
3) The paper was incubated in 4CO ul 1.5 M NaCl-TE at 65°C for
30 mins.
4) The buffer was then phenol-extracted, CHC13 extracted and
DNA precipitated with EtOH.

IT 18 _cDNA Svnthesis (One Strand)

Single-stranded cDNA was synthesized on RNA, using a synthetic
oligomeric primer, by the following method (Esper Boel). .
4x First Strand Buffer: 20 pl 1M Tris-HCl, pH7.5; 28 upl 2M KCl;
4 pl 1M MgCl,} 2 upl 0.2M DTT; 10 ml each dCTP, dGTP 20mM ;
DEP-water to 0.1ml.

Approx. 30 J9 RNA was added to 50 pmol kinased oligomer. 5 ul 50
mM EDTA was added, and volume made up to 18 Fl with DEP-water.
The mixture was incubated at 75°C for 3 mins., then put on ice.
2.5 Pl RNasin, 12.5 Fl 4x First Strand Buffer, 2.5 pl each 10mM
dATP and dTTP, and 3 Fl Reverse Transcriptase were added, with
water to 48 pl.The mixture was incubated for 1h at 42°c. The
reaction was stopped by the addition of 2‘p1 250 mM EDTA, and

50 Fl TE. The mixture was phenol extracted once, then chloroform
extracted once. 100‘p1 4M NH4-acetate and SOO.FI EtOH were ad-
ded. After 15 mins. in a dry ice/EtOH bath, followed by 10 mins.
at room temperature, the nucleic acids weire pelleted, and the
pellet lyophilysed.
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Chapter IIT: Cloning and Characterizatidn of the Gene for

Subtilisin Carlsherg

III.1 Cloning Strategvy

For the reasons set out below it was decided to use an approach
that did not rely on expression for detection of the cloned
gene: ,

(A) E. coli was chosen as the cloning host, and

(B) the aim was to clone only a part of the gene at a time, in
the first instance, screening clones with oligomeric hybridiza-
tion probes. Overlapping clone(s) would then be isclated in a

second stage to give all the desired sequences.

(A) The following considerations were taken into account regar-
ding the choice of E. coli as the cloning host:

B. subtilis is not an ideal host for "shotgun cloning"..It is
clear from the work of Trautner and Dubnau that in the absence
of appreciable homology either with the chromosome (Canosi et
al, 1981), or with an already resident plasmid ("Plasmid Rescue
System", Contente and Dubnau 1979; Gryczan et al, 1980), only
multimers of incoming plasmids are active in transformatioh of
competent B, subtilis ceils (Canosi et al, 1978). Monomers are
completely inactive (Mottes et al, 1979).

Although this is not the case in the protoplast transformation
system (Mottes et al, 1979; de Vos and Venema, 1981), where mo-
nomeric species are able to transform, the procedure is cumber-
some and in our hands had given equivocal results.

Furthermore, as was clear from the Introduction (Chapter 1),
well-characterized protease-deficient mutant B, _subtilis clo-

ning hosts were lacking.

Most available mutants of Bacillus with altered protease pro-

duction were pleiotropic, leading to deficiencies in the pro-
duction of other exoenzymes as well. The mutations involved pro-



bably lie at loci other than the protease-coding sequences.
The likelihood of detecting a clone based on increased exopro-
tease activity in such a host was thought to be uncertain, as
a factor necessary, either for expression, or export, might
have been affected. Conversely, if increased activity were ch-
tained in a cloning attempt, it could well be due to the clo-
ning of one of the many regulatory loci. While such c¢lones
would be very interesting to examine, they would complicate
analysis of results our experiments, where the primary goal

was to clone the extracellular serine protease gene.

We were not confident of being able to detect increased exopro-
tease activity resulting from the presence of the cloned subti-
lisin gene in a wild-type B, subtilis host as i) the endogenous
protease background is high, ii) the cloned gene, being present
in several copies might titrate out positive trans-acting regu-

latory factors required for activity and iii) may well require
species-specific factors for expression, as it would be derived
from B. licheniformis.

B) Regarding the use of oligomeric probes:

Bruce Wallace had shown that in hybridization of a mixture of
short oligomers to DNA the temperature conditions can be chosen
so that hybridization of an oligomer with perfect homology to
the DNA can be distinguished from less specific annealing. Only
a single base mismatch leads to a significant decrease in the
thermal stability of the hybrid (. Wallace et al, 1979).

The use 0f such a mixture of oligomeric probes in order to i-
dentify subtilisin-specific fragments was open to us, as the
amino acid sequence of subtilisin Carlsberg was available.
Thus possible coding sequences could be deduced, and a suita-
ble region chosen on which to base the sequence of the oligo-
meric probes to be synthesized. This region would ideally of-
fer a relatively low number of coding combinations, and cover
a stretch unique in, and specific to, the Carlsberg subtilisin

enzyme.
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The rationale for deciding to clone only part of the gene at a
time is as follows:

Many Bacillus genes are phenotypically expressed in E. coli
(Chi et al, 1978), though the reverse is seldom true (Goldfarb
et al, 1981; I.3 & I.7).

It was therefore decided to clone a specific fragment that was
shorter than that one could expect to carry the entire coding
sequence (as estimated from the exoenzyme sequence and what was
known of RPacillus signal sequences). In this way one could ob-
viate possibly lethal over-expression of protease in the E, co-
li cloning host

The primary translation product of most secreted proteins has

an N-terminal extension (signal sequence) that is usually clea-
ved off during the secretory process (Silhavy et al 1983; I.9.1).
Many degradative enzymes such as proteases, are synthesized in
the form of an inactive "zymogen" precursor that must be proces-
sed to yield the active molecule (Neurath 1984; I.8). Although
we did not know at the time whether this also held true for the
Pacillus exoproteases, if phenotypic expression of a cloned exo-
protease gene in an E, coli host were achieved, it was not cer-
tain whether the resulting protein would, or could, be transpor-
ted from the cytoplasm by the host secretory machinery: We rea-
soned that a heterologous protease trapped in the cytoplasm or
periplasm, and possibly in an active form, was unlikely to be
beneficial to the hosg and might well be lethal.

As will be described and discussed below, some of this circum-
spection was unjustified, but in the particular case of the
subtilisin Carlsberg gene, the cloning strategy has indeed been

vindicated.

Several groups have, since this work was begun, successfully
shotgun-cloned, and dircctly detected cloned exoprotease genes
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in Pacillus wild-type hosts, by virtue of exoprotease overpro-
duction. Using "plasmid rescue" and protoplast transformation
systems respectively, the subtilisin and neutral protease yenes
of B, amvloliquefaciens (Vasantha et al, 1984) and the neutral
protease gene of anunidentified Bacillus species were clorned
(Corfield et al, 1984).

Low protease-producing nitrosoguanidine-generated Bacillus mu-
tants were however needed for the cloning of the B. subtilis
subtilisin (Stahl and Ferrari, 1984) and thermostable neutral

protease of B, _stearothermophilus (Fujii et al, 1983).

An indirect approach based on cloning of specific fragments in
E. coli prior to transferring the clone to B. subtilis for ex-
pression was used to clone the B, subtilis subtilisin (this the-
'sis) and neutral protease (Yang et al, 1984).

The strategy outlined above for the B, ljcheniformis gene was
successful in so far as overlapping E, coli clones yielded the
entire coding sequence (this thesis). As is described below,
only weak expression was achieved in B. subtilis, unless ano-
ther promoter was provided. To my knowledge, no group seeking
this gene by screening for activity in B. subtilis has been
successfulldespite intensive efforts in many laboratories. My
own attempts to clone this gene in B, subtilis have so far
vielded only defective cloned genes. To date there are no pub-
lished reports of the cloning of this gene other than that re-
sulting from this project (Appendix 1). Personally communicated
reports of the cloning of the gene have been made by two other
groups (Genentech,Gist-Brocades). In both instances, this was
achieved only after many fruitless attempts. In the one case,
a small segment of the gene was synthesized instead of cloned.
Possible reasons for the difficulties experienced, as well as
other approaches that could give the desired results are dis-
cussed.
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IIT.2 Selection of a Strain that Secretes Subtilisin Carlsberg

As discussed in Chapter I, there has been some confusion re-
garding the classification of subtilisin secretors. Accordingly,
before cloning work was commenced, the secreted proteases of se-
veral strains of B, cubtilis and B, licheniformis were tecsted

immunologically.

Anti-Carlsberg serum was kindly provided by Novo Industri A/S.
It is an antiserum raised against the major component of the

commercial preparation "Alcalase".

Figure 4 represents an immune double diffusion (performed as
described in II.15) illustrating the strong cross-reaction of
the stationary phase supernatant of one B. licheniformis strain,
MFJ29 (well 5) with the antiserum, and the immunological iden-
tity of the cross-reactant with Alcalase (well 4). A B. subti-
lis subtilisin overproducer, MFJ 135 (well 2), on the other
hand, shows no trace of cross-reaction.

This chapter describes the cloning of the subtilisin gene of
MFJ29.

I1T.3 Cloning a Portion of the Coding Sequence

IIT.3.1 cSynthesis of Oligomeric Probes

An oligomer of 14 bases had been shown to be the shortest that
would bind reliably to the complementary sequence, even allow-
ing for one mismatch ( Wallace et al, 1979, 1981).

Using the published subtilisin Carlsberg amino acid sequence
(Smith et al, 1968), all possible coding sequences were gen-
erated by computer. Accordingly, the coding sequence was
searched for a 14-base stretch for which fewest possible per-
mutations exist. The region arrived at, viz. residues 133-137,
not unexpectedly, encoded a Methionine residue. Sixteen 14-mers
were synthesized pairwise, as shown in Figure 5a, and the TD of
the expected hybrids was estimated according to the rule

(4°C x no. of GC pairs) + (29C x no. of AT pairs).
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(A)

(B)

(C)

FIGURE 4: IMMUNODIFFUSION OF CULTURE SUPERNATANTS
AND ANTI-SUBTILISIN

Samples were 4 day BP-X culture supernatants. The
Ouchterlony plates were prepared as described in
Materials and Methods.

central well: anti-Carlsberg serum diluted 1:4
well 1: Alcalase, 2: MFJ135, 3: MFJ198, 4: Alca-
lase, 5: MFJ29 diluted 1:2, 6: MFJ213 diluted 1:4.

central well: anti-Carlsberg diluted 1:4
well 7: Alcalase, 8: MFJ210, 9: MFJ135, 10: MFJ
246, 11: MFJ213, 12: MFJ246

central well: anti-NOVO serum diluted 2:3

well 13: subtilisin NOVO, 14: MFJ157, 15: subti-
lisin NOVO, 16: MFJ93, 17: subtilisin NOVO, 18:
MFJ135 diluted 1:2, 19: subtilisin NOVO, 20: MFJ157
21 to 24: doubling dilutions of MFJ157 sample




FIG.5: CHROMOSOMAL RESTRICTION MAPPING WITH OLIGOMERIC PROBES

(a) Oligomeric Probes
Ala Met Lys Gln Ala| 7o
codon no. 133 134 135 136 137 |("C)
A €2
1 cee ATG Ax} can ce | 42
A 40
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. A 40
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(b) Results of Chromosomal Restriction Mapping
Restriction Fragment
enzyme saze (kb)
Xmnl very
BamHI large
1
Sphr
1
gacl 5.0
EcoRl 3.7
Beil 2.4
HipdIrr 1.9
HaelIl 0.9
EcoRl 1.7
Neil 1.08
Sacl 1.0
Ddel 0.95
BpaIIX &y lTrr 0.8
mnl 0.75
Bell 0.65
EcoRIX 0.45

The HindllI fragment was not cut by the remaining enzymes
giving very large fragments on their own or by EcoRV, $mal,
Aval, Nael, dxul.

(c) Preliminary Restriction Map of Subtilisin Region
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I11.3.2 Chromosomal Mapping

I11.3.2.1 Finding the Correct Hybridization Conditions -

The oligomers were kinased (as described in II.7.3), and used to
probe restriction digests of MFJ29 chromosomal DNA (prepared as
described in II.2.1.2) by Southern blotting (as described in
IT1.8.1).

Dupliéate strips were hybridized to probe and washed at tempe-
rature intervals c¢f SOC, over the range 30°C to 50o cC. At

40°¢ only 1 band was seen in each track after autoradiography.
This hybridization was abolished at 45°C, and higher tempera-
tures. 42°C was found to give the most satisfactory results.

By hybridization with individual pairs of probkes, pair no.8 was
identified as being responsible for the specific hybridization,
and was used thereafter.

I77.3.2.2 Preliminary Chromosomal Map

Using the probe, the area around the target hybridization site
was mapped as shown in Figure 5 b&c. Once the proximity cf the
HindIII and EcoRI sites had been established, other enzymes

which shortened the specific HindIII fragment were sought. Com-

puter predictions from all the possible coding sequences revea-
led only one possible XmnI site, and its distance from possible

EcoRI and HindIII sites was consistent with the map obtained.
The same applied to the distance from EcoRI to Bcll (Figure 5c¢).

The shortest subtilisin fragment that could be expected to be
expressed and encode an active product was of thé order of 1 kb
lonyg (structural gene = 274 codons + anticipated signal sequence
of ¢.30 codons plus regulatory sequences of c.100 bp). In ac-
cordance with the rationale set out in III.1, it was decided to
clone the HindIII-HaeIII 0.9 kb fragment (Figure 5).

ITT.3.3 Cloning the HindIII-HaeIII 0.9 kb Fragment
About 100/ug MFJ29 chromosomél DNA was size~fractionated on ag-

arose gels after HindIII digestion. The recovered DNA of c¢.2 kb



(isolated as described in II.17) waz digested with HaelIII, and
again fractionated in the same way. The estimated yield of frag-

wents in the "0.9 kb" fraction was less than 1 pg.

These were ligated with vector pATI153, a high copy derivative
of pBR322 (it lacks a Haell fragment between 1647 and 2352 bp),
which had been cut with Ball and HipdIII. The Ball recognition
site includes that for HaelIII. Competent cells of MFJ28 (II.4.¢6)
were transformed, and the resulting 92 ApR colonies were
screened by colony hybridization (II1.8.2), using probe pair no.
8. Fiqure 6 shows an autoradiograph of a Southern blot (II.8.1)
of plasmid extracted frcm the 2 positive clones identified in

" this way. The closed circular plasmid DNA was efficiently trans-
ferred to the filter by irradiating the gel prior to denatura-
tion under UV lamps (254 nm) for 20 mins.

TI1.3.3.1 Rest+riction Analvesis of Probe-Positive Clones

From the known sequence of vector pAT153, the size of its HaeIll
digestion fragments was deduced. There are 5 ranging from 267
to 587 bp, in addition to others too small to visualize on aga-
rose gels. The cloned HindIII-HaeIII subtilisin fragment should
aprear intact at about 900 bp in a HaelIIl digest, where the pro-
ximal HaeIII end is provided by that at 4344 bp in the pBR322 se-

quence.

Comparison of HaellI digests of pAT153 and the clones confirmed

this expectation.

The 2 probe-positive clones were identical except that one had,
in addition, an extra cloned E3ellIl fragment of approx.1 kb,

and it was not examined further.

The other plasmid, pMJ1, was analysed with reference to the
chromosomal restriction map (Figure 5c), with enzymes for which
sites are found in the appropriate area, and with those for
which sites do not occur. For cleavage with E2clI, the plasmid
was transferred to a dam strain, MFJ92. A number of other en-
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FIGURE 6

Autoradiograph of Southern blot of plasmid
DNA extracted from colonies hybridising to

subtilisin-specific 14-mer probe.

Marker
Position
AHindIII 1 2 3 4 5 6 7

lanes 2,3,4,6: DNA from negative clones
picked at random.

lane 1: DNA from clone containing pMJ1.
lane 5: DNA from second positive clone.
lane 7: MFJ29 chromosomal DNA, HindIII
digest.



zymes for which computer predictions suggested only one possi-
ble site in the coding sequence were also tested on pMJ1. A

few digests are shown in Fig. 7.

Surprisingly, pMJ1 was linearized neither by HindIII fused in
cloning), nor ClalI, for which a site lies just upstream from
the unique HindIII site on pAT153. The map of pMJ1 arrived at
is shown in Figure 8a. It is entirely consistent with the chro-
mosomal data (Figure 5c¢), but for the "missing" HindlIII site.

III.3.3.2 Confirmation that the Cloned Fragment is Part of

The EcoRI-Ball fragment of approx. 650 bp was isolated from

pMJ1 and used directly for sequencing . The two 14-mers compri-
sing probe pair no.8 (Figure 5a) were synthesized individually,
and used as primers in Sanger sequencing reactions (II1.14.2).

They were used at a 20-fold molar excess over the double-stran-

ded template.

With one primer, 5'-GCGATGAAACAGGC-3', a readable sequence of
35 bases was‘obtained, and was consistent with the coding se-
quence for codons +145 to 155 of the published amino-acid se-
quence of subtilisin Carlsberg (Smith et al, 1968). Further se-

quencing was thus undertaken (see I1II1.6, Figure 14).

To resolve the question of the "missing" HindIII site, the small
EcoRI fragment, shown at about 12 o'clock in Figure 8, was re-
cloned in M13 (I1I.14.2) and sequenced by the Sanger method.

The sequence revealed that the subtilisin sequence at the
HindIII site is identical to a nearby vector sequence, such
that a direct tandem 7 bp repeat must have been generated in
the primary ligation product. Figure 8b shows the probable
structure of this recombinant plasmid about the HindIII clo-
ning site, as well as the actual sequence found in pMJ1.

From these two short stretches of sequence, the cloned insert
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FIGURE 7: RESTRICTION ANALYSIS OF pMJ1

Restriction digests were analysed on
1.5% agarose gels.

lane 1: ¢X174/Haelll
lane 2: pMJ1/Haelll
lane 3: pMJ1/HaelII + EcORI
lane 4: pMJ1/HaelII + XmnlI
lane 5: pMJ1/Haelll



FIGURE 8

Structural Analysis of oMJ]1

(a)

Restriction Map of pMJ1

Hae III R (H)
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oligomeric probe target site
STOP translation termination codon
R EcoORI
(H) Spoilt vector-insert HindIII
junction

Note: Apart from the insert-proximal EcoRI,HaelIII
sites, no vector restriction sites are shown.

(b) Putative Direct Tandem Repeats Leading to
Deletion & Loss of HindIII Cloning Site
from oMJ1
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could be oriented: The (missing) HindIII site lies in codon
+54, the EcoRI site in +96. It was later established by sequen-
cing that the B¢lI site is very near the end of the coding re-
gion in codon +266, as anticipated from computer predictions
(Figure 14).

It was therefore clear that the entire 3' terminus of the gene

had been cloned.

IT1T.4 Cloning a Fragment Overlapping 5' end of Coding
Sequence

IIT.4.1 Tdentification of a Suitable Fragment

An FcoRI digest of chromosomal DNA of MFJ29 was probed by Sou-

thern blotting to determine the size of the upstream EcCORI

fragment, using as probes nick-translated pMJ1 (II.7.1) and the
pMJ1/EcoRI large fragment only (Figure 8a), and comparing the
pattern obtained with each on duplicate blots.

Only one EcoRI band of c¢.3.7 kb hybridized in each case, where-
as detection of a second was expected, by homology to the 120 bp
of subtilisin sequences (on pMJ1) that lie upstream from the
cloned EcoRI site (in codon +96) (Figure 8a).

This was interpreted as implying the presence of another chromo-
somal EcoRI site so close to the one in codon +96, that the re-
sultant fragment could not bind sufficiently well to the fil-
ters, and so escaped detection in blotting experiments. It was
however later established, using a larger upstream probe, that
the up- and downstream EcoRI fragments are of precisely the

same size (not shown).

To find a 5' overlapping fragment of "convenient" size (between
1 and 2 kb), double digests of Xmnl, whose position relative

to the gene was known (cf. Figures 5c and 8a), and other res-
triction enzymes were analysed by Southern blotting. Enzymes
tested were those which could readily be used for cloning in
available vectors. Single digests served as controls. The enz-
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ymes included BamHI, Sall, BglI, Smal, BalIl, PstT,

Stul & EcCORV.

=4

n
)

cI, Xbhal,

The sites lying closest to the gene were BclI and Stul. These
lie resp. 1.9 and 0.7 kb upstream from EcoRI (codon +96) (see

Figure 11).

BclI thus seemed to be the only site useful for the purpose of
splicing a new overlapping clone to the pMJ1 sequences.

In the first instance, therefore, it was decided to clone the
2.4 kb B¢clI fragment: it was large enough to carry all concei-
vable 5' c¢cis-acting regulatory sequences, and unlike Stul had
"sticky" ends, making ligation and cloning more efficient.
Moreover, subtilisin-specific fragments could be enriched by
size-fractionation prior to cloning, thereby reducing the num-
ber of clones that have to be screened. This is not the case
with the alternative to cloning specific fragments viz. using
partially digested donor fragments. Here one also risks clo-
ning non-contiguous fragments simultaneously.

IITI.4.2 Construction of Cloning Vectors for BclI Fragment

Problems associated with the cloning of this fragment might
immediately be anticipated, should expression be possible in

the cloning host.

Only the 8 C-terminal codons of the protein, as well as the
transcriptional, and translational, termination signals are
missing. should.the promoter have powerful activity in the
host, clonal stability might well be compromised by the resul-
ting high level of transcription per se (see I.10.3.1). More-
over, the translation product (an almost complete subtilisin
molecule), might well have a deleterious proteolytic activity.
Inspection of the crystal structure (Wright et al, 1969) shows
that the C-terminal residues occur as a tail well away from the
active site. If translation should extend beyond the BclI site
in codon + 266 in a plasmid clone, an active protease molecule

LA



iz net inconcceivable, provided that the resulting fused "non-

sense" C-terminal tail does not interfere with protein folding.

In an attempt to overcome these potential difficulties, 2 plas-
constructed, in which a BclI clening site, transla-
(

transcriptional terminator were pro-

“
L
V]
3
fe
g

e
tional stop codon

vided.

The construction scheme is shown in Figure 9. An intermediate,
pMJI3, was made by incorporation of a synthetic linker KFN 15/20
between the EcoRI and HindIII sites of pBR322. This linker car-
ries a B¢clI site and an umber codon in all 3 reading frames.

In pMJ1%, the transcriptional terminators were provided by the
E. ¢21i 5S RNA gene from ptrcl60, whose structure is not shown.

In pMJ7, the cloned subtilisin sequences themselves (from BclI
downstream) were used. It has been established that this short
PclI-HaeIIIl segment of pMJ1 (Figure 8a) does indeed carry the
transcriptional terminator for the gene (see III.S.3).

These plasmids were utilized in attempts to clone the BeglI
fragment in MFJ92. None of the colonies which were positive in
colony hybridization, using part of the cloned gene as probe,
contained recombinant plasmid with the desired subtilisin Bg¢lI

fragment, and were not investigated further.

In experiments carried out by Jan-Ingmar Flock, attempts to
clone the same BglI fragmerni, or one larger, in pUB110, in a
B, subtilis host were similarly unsuccessful, whether starting
with size-fractionated RBclI DNA, or with partial SaulA1 digests.
As in the experiments described above, restriction analysis of
hybridization-positive plasmids did not conform to expectations.

These clones were not analysed further.

Two other approaches were thus pursued. Since the use of trans-
criptional terminators in E. coli had not proved useful, the
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FIGURE 9

CONSTRUCTION OF CLONING VECTORS FOR THE BclI FRAGMENT
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application of a low copy number plasmid cloning vector was ex-
plored in an effort to minimize unfavourable effects. Cloning
in lambda phage was also attempted. Here host cell survival
after eventual expression of "undesirable" foreign products en-
coded by the clone might not be quite so critical for clonal
propagation, since the host is killed anyway during the "burst".

Results of these 2 approaches are detailed below.

ni ot
These cloning experiments were carried out by Jan-Ingmar Flock.
After preliminary analysis, potentially interesting clones were
sent to the author for further work.

B, licheniformis MFJ29 partial Sau3A1 fragments of ™ 6 kb were
cloned in the BamHI arms of substitution vector lambdad?7.1
(Loenen & Brammar, 1980), and recombinants selected for their
ability to grow on P2 lysogen NM364.

Using part of the cloned gene as a probe in plaque hybridiza-
tion, positive clones were analysed with the enzymes whose lo-
cation relative to the gene had been established viz. BclI,
HindIII, EcoRI and Stul.

Of 18 positive plagques, DNA from only one (II.3.3), lambda sé6
(Figure 12), showed a hybridizing B¢ll fragment of a size id-
entical to that in the chromosomal control digest. Furthermore,
Southern blotting showed also that the hybridizing fragments in
double digests of PclI and EcoRI, or HindIII, were the same as
controls. However, the hybridization pattern of a BclI-Stul di-
gestion differed from the chromosomal (not shown).

The 2.4 kb BclI probe-positive band was isolated and cleaved
with EcoRI. The 2 resulting fragments were subcloned in pUB110/
EcoRI-BamBI. The larger "upstream" subclone, pBF827, was seg-
uenced from the EcoRI site (see Figure 13), and yielded useful
results,
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It was clear that there were 3 HindIII sites within a 60 bp
stretch just upstream from EcoRI. The site that had previously
been mapped (Figure 5; in codon 454, and missing in pMJ1) was
the most 3' of them. Further sequencing, not detailed here, re-
vealed that recognizable subtilisin sequences extended upstream
as far as codon -11. There were a further 15 codons between
these sequences and the lambda BamHI cloning site/Sau3A1 junc-
tion (all in frame). The origin of these sequences is not known.
They were not connected to the subtilisin gene by a Sau3Atl re-
cognition site, and it is therefore fair to conclude that a de-

letion involving B. licheniformis DNA had occurred.

The hybridizing BclI 2.4 kb lambda s6é fragment, though coinci-
dentally of the same size as the B, licheniformis chromosomal
subtilisin fragment, was in fact a hybrid of lambda and bacter-
ial sequences.This could not have been ascertained simply by
calculation of the sizes of the B¢lI fragments expected. There
are several closely-spaced Bcll sites about the BamHI sites on
lambda that were used to create the cloning site in 47.1. This
'phage differs moreover in many uncharacterized positions from

the lambda reference virus.

Only one clone, lambda s7, had a Stul site in the correct posi-
tion ie. identical to the chromosomal control, relative to the
EcoRI and BclI sites.

Lambda s7 was retained for further analysis.

Thus, despite the capacity of lambda 47.1 to incorporate large
fragments (its cloning capacity ranges from 4.7 to 19.6 kb),
only one of the 18 positives carried a site (Stul), which lies
not more than 400 bp upstream from the deduced mature subtili-
sin coding sequences.
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I111.4.4 Cloning Bcll Fragment on a Plasmid Under Low Copy

Number Conditions

I11T.4.4.1 B. subtilis System
Although low copy numbexr analogues of some Gram-positive clo-

ning vectors are available eg. p900 (Figure 20), in my hands
colony hybridization was not sufficiently sensitive to detect

them in B, _cubtilis hosts.

The simple technique utilizing Whatman filters, which was used
for E. coli plasmid hosts (II.8.2) was not applicable to B.

*

subtilis (not shown).

Nylon filters (II.8.3) gave satisfactory results in a model
system with a "normal" copy number plasmid, but with its low
copy analogue the signal obtained with labeled probe was not
sufficiently strong.

The method described in Maas (1983), which involves steaming
the colonies to improve the efficiency of lysis was not useful
in this instance either.

Attention thus focused on E,. coli hosts once more.

I11.4.4.2 E. coli Svetem
A strain, MFJ55, was made available by W. Tacon. It has an un-

characterized lesion that impairs ColE1-based plasmid replica-
tion, such that < 5 copies per chromosome are produced by plas-
mids such as pAT153, which are normally present at many times

that number.

Plasmid pUR222 (Figure 10a) was suggested as cloning vector

(Ruther et al, 1981). The unique restriction sites about the
BamHI cloning site located in the polylinker, (PstI - Sall-
BamHI - EcoRI), situated N-terminally in lacz, would assist
both isolation and restriction analysis of the cloned insert,
and allow rapid sequencing (Ruther et al, 1981). As MFJ55 has

st R

the chromosomal deletion lag¢¥74 = I2A. "{lacl POZY) one of the
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FIGURE 10

(a) Structure of Plasmid Expected From BclI Cloning
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major potehtial advantages of using a plasmid such as pUR222
viz. the ability to screen directly for recombinants (white
colonies) on X-gal plates in an "a-complementing” host (II.14.
2.1) could not be exploited. -

More pertinently as far as subtilisin cloning is concerned,

the mutant strain lacks the lagc repressor gene, which leaves
the lac promoter on pUR222 constitutively active. Any cloned
gene would come under its control. If lac transcription through
the subtilisin gene were detrimental, it would make the cloning
of the Bcll fragment in only one orientation more likely. MFJ29
Becll fragments of approx.'2.4 kb were consequently cloned into
pUR222/BamHI, which had been phosphatase-treated (II.16). There
were an estimated 500 recombinants (50% recombinants) among the
ApR transformants of MFJ55 that were screened, as judged by
restriction analysis of plasmid from randomly picked clones.

Total plasmid was extracted from 21 pools of 50 colonies each,
and tested in Southern blotting with nick-translated subtilisin
DNA from pMJ1 as probe. pMJ1 and pUR222 served resp. as positive
and negative hybridization controls. The plasmids were nicked

by UV irradiation of the gel prior to denaturation and transfer,
as described in III.3.3. Only one plasmid was positive. It was
isolated from the pool and called pMJ2.

II1.4.4.2,1 Structural Analvsis of pMJ2

Figure 10a depicts the expected structure of pMJ2: a simple
insertion of the chromosomal 2.4 kb BclI fragment into the
unique BamHI cloning site of pUR222.

Figure 10b shows the restriction map of pMJ2, in so far as it

could be ascertained.

with all enzymes tested, the total length of - pMJ2 was c.
8.3 kb.
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BamHI, Sall or Pstl sites occur uniguely in the cloning poly-
linker of pUR22Z (see Figure 10a). It had been established that
these sites do not occur on the desired subtilisin fragment.
Restriction analysis of pMJ2 revealed a minimum of 2 Sall sites,
2 BamHI sites and 6 PstI and EcoRI sites. The complexity of
double digestions with these enzymes, which gave many small
fragments, precluded the deduction of an unambiguous map for
the entire plasmid. It was not possible either to locate the
lac promoter-proximal part of the polylinker.

HindIII digestion however resulted in only 2 large fragments
of ¢.3.7 and 4.5 kb. These were isolated individually. By a
combination of restriction analysis, hybridization, and seqg-
uencing, the location of the subtilisin gene on the HindIII
fragments was deduced to be as shown in Figure.10b. Note the
cluster of HindIII sites within the gene coding sequence, as
had been established from the sequence of lambda s6 (III.4.3).
‘From the map of pMJ2 it can be seen that if the gene were ex-
pressed, it would form a fusion protein with LacZ, having 52
AAs encoded by the linker and lag¢Z (out of frame), and ending
at an umber codon in codons 54-55 of the lacZ sequence (Kalnins
et al, 1983).

Since there was about 3.3 kb of" extra" DNA in pMJ2, two imme-
diately obvious possible explanations for these sequences sug-
gested themselves: an *Insertion Sequence® (IS) could have
transferred to the Bcll subtilisin insert, or else two BclI
fragments from the "2.4 kb" size-fraction might have been clo-
ned simultaneously. An attempt was made to obtain some experi-
mental support for either of these possibilities.

III. 4.4.2.2 Does pMJ2 Carry An IS Sequence?

So~called IS sequences, small transposable elements, have long
been observed in E. coli, and have recently also been found in
a Bacillus sp. (Mahillon et al, 1985). They can have polar pos-
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itive or negative effects on the transcriptional activity of the

sequences they interrupt.

The possibility of IS insertion needs always to be considered
when cloning in E, c¢oli, especially where activity of the clone
may be detrimental to the cell (Saunders et al, 1984a; Rood et
al, 1980). In such instances, transcriptional stop signals
within the IS serve to counter the unfavourable activity.

Typically, IS insertion is detected when the same rearrangement
of already well-characterized cloned material is found repeat-
edly upon recloning under circumstances where activity of the
clone is elevated.

The cloning host, MFJ55, carried Tn10, and its right hand re-
peated sequence, IS10R, is capable of independent transposition
(Roberts et al, 1985). With only one clone (pMJ2) it is rather
difficult to draw more than tentative conclusions from the data.

Arguing against the incorporation of an IS on pMJ2 is the length
of the "extra®" DNA: 3.3 kb vs. the 750-1600 bp, typically found
for most IS sequences identified to date (Calos & Miller, 1980;
Kleckner, 1981).

"Composite elements®/transposons on the other hand, where a
non-cryptic gene is bordered by IS sequences, can be of 2-3 kb
eg. Tn681, Tn3, Tn390Q3, which resp. encode enterotoxin, CmR and
Km® (Kleckner, 1981).

pMJ2 was checked for the presence of above-mentioned antibio-
tic-resistance markers, as well as 'retR and EmyR and found to
be negative. MFJ55 was first cured of TniQ by selecting Tet® on
special plates (II.10). An "improved" recipe (Maloy & Nunn,
1981) was tried, but no colonies grew up. On the original Boch-
ner plates, 24 fast-growing colonies were picked after 24h, and
after repurification all proved to be Tets. pMJ2 transformants

of one isolate, MFJ233, did not grow in the presence of Emy,
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Tet, Km or Cm . Enterotoxin production was not checked.

IS insertion is often associated with duplication or deletion

of flanking markers (same refs as above). There is no evidence
for duplication of probe-hybridizing sequences on pMJ2. Certain-
ly the Stul site is unique.

However, as will be described below, some of the other enzymes
that could be used to analyse the subtilisin sequences show
strong site preference and thus give multiple hybridizing bands
of larger size than the minimal fragment.

The inability to map the entire plasmid satisfactorily preclud-
ed a direct comparison of the restriction pattern with those of
characterized IS sequences. Some rearrangement of sequences on
pMJI2 had undoubtedly occcured (see next section). But whether
this was due to an IS must remain an open question.

It appears that if any E., coli-derived DNA was involved in the
rearrangement, it is no longer on pMJ2. Southern blotting of
DNA from MFJ55 and MFJ233 did not reveal detectable homology
to the plasmid.

I71.4.4.2.3 Were 2 Bcll Fragments Cloned Into the pUR222
BamHI_ Site? Instability of pMJ2 in dam__Strain

Size-fractionated DNA is always slightly heterogeneous. A frag-
ment of 3.3 kb could well have been in the "2.4 kb" BclI frac-
tion used in cloning pMJ2.

Southern blotting of MFJ29 DNA indeed showed that pMJ2 hybri-
dizes to two BclI fragments: the 2.4kb subtilisin fragment,

and another of c.3kb. This larger band did not appear to be a
partial digestion product as it did not hybridize to the 500bp
StuI-HindIII fragment of pMJ2. The plasmid also hybridizes to
additional, smaller fragments in an EcoRI digest, besides the
up- and downstream 3.7kb subtilisin fragments. However, in view
of the subtilisin gene's homology to other related genes, eg,
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ISP~I (Fig. 2), these results are insufficient in themselves to
draw a firm conclusion.

BclI/BamHI junctions are cleaved by neither enzyme. If indeed 2
inserts are present on pMJ2, there will be a BelI site at their
junction. The ligation mixture had not been cleaved with BclI
prior to transformation of MFJ55. This would have linearized
recombinants with multiple inserts and hence eliminated their
ability to transform.

As Bcll is sensitive to dam methylation, pMJ2 was transformed
into MFJ92 to expose such a postulated site, and render it
cleavable.

Analysis of plasmid recovered from MFJ92 (as well as MC1061=the
MFJ55 parent strain, and HB101) revealed that it had undergone
extensive deletion to a size of 3-4 kb. Each isolate was dif-
ferent. Upon repeated retransformation into the low copy host
MFJS5, or MFJ233 (=MFJ55 cured of Tni0) no alteration in the
plasmid has been observed. ’

Evidently, on transformation into strains where the copy number
of pMJ2 returns to a level typical of pUR222, the plasmid be-
comes unstable. It is clear too from these experiments that it
cannot be lac promoter activity through the clone that accounts
for the instability, since in HB101 the promoter will be repres-
sed. Its transcriptional activity would hence be lower than in
MFJ55.

The instability at high plasmid copy number was precisely the

behaviour expected of a subtilisin B¢l clone, after the nume-
rous unsuccessful cloning experiments, and had indeed been the
rationale behind the use of strain MFJ55 as host.

Had IS insertion and/or rearrangement taken place on pMJ2 to

counteract any adverse effects the clone may have had on the
host, the resulting cointegrate, or otherwise altered plasmid,
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would be expected to be stable to a subsequent increase in
plasmid copy number. It seemed therefore probable that the
subtilisin promoter activity was intact on pMJ2.

Since pMJS2 could not be transferred without deletion to a dam
background, or to any which did not keep the plasmid copy number
low, an attempt was made to P1-transduce MFJS55 to dam~ (II.11)
by a strategy suggested by N. Fiil viz. by co-transduction with
malT. This locus is separated from dam by less than one minute
on the E, coli chromosome (Bachmann & Low, 198C).

In brief, lambdaRMal' MFJ233 mutants were selected directly on
McConkey plates containing 1% maltose after infection with

lambdavir (106-109 pfu per 10‘p1 indicator cells gave confluent
plaques). Mucoid lambda-resistant colonies were ignored.The ma-

R clones were red. Seventeen

jority of the remaining lambda
white (MalT™) colonies, otherwise morphologically identical to
the red ones, were reisolated repeatedly on the selective
plates. Of 9 which showed no red revertants, isolate 7 showed
the most feeble growth on minimal AB plates containing maltose,

and was used as the transduction recipient.

A P1 lysate of the Mal+gggf strain GM33 was prepared (II.11)
and the recipient transduced with it (IX.11). After 48h the
vigorously growing Malt transductants were picked from the

fine background lawn. In all 28 were restreaked once on AB, and
then several times on McConkey-maltose.

To find a d_a.m-Mal+ co-transductant, MbolI digestions of chro-
mosomal DNA from the 28 Mal+ colonies were inspected and compa-
red with undigested and control HindlII digests. MboI is sensi-
tive to dam methylation, as is BglI, but as it recognizes a

4 bp sequence, it gives smaller average fragment size, and
makes digestion more obvious.

DNA from GM33 and MFJ233 served resp. as positive and negative
MboI-sensitive controls. None of the samples from the transduc-
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tants could be cleaved with MboI (or BglI), though they all
were cleaved by HindIII.

The same experiment carried out on another E. coli strain had
given 1/12 ggg-Mal+ co-transductants (N. Fiil, personal commu-
nication). Selection against acquisition of the dam allele may
operate, since none of the 28 MFJ233 Mal®t transductants were
dam~. dam mutants have a pleiotropic phenotype similar to
strains defective in DNA repair. The nature of the mutation in
MFJ55 leading to the lower copy number of ColE1 plasmids is not
known. It could, for example, involve the pglA locus. DNA poly-
merase I is normally required for ColE1 replication (Davison,
1984). The enzyme also has a role in DNA repair (Lewin, 1974).
Double mutants of dam, and recB, recC, which are required for
repair, are not viable (Bale et al, 1979). The uncharacterized
mutation in MFJ55 may well compromise the host, in combination
with the dam allele, to such an extent that double mutants are
either inviable or strongly selected against.This experiment

was not repeated.

However, on later subcloning from pMJ2 into B, suybtilis, (Fig.
26), a BclI site was revealed, and is shown in Figure 10b.

It is found about 1 kb further away from the Stul site than on
the chromosomal map. Hence it could not represent the junction
of the 2.4 kb subtilisin BclI fragment, and another such from

B. licheniformis without some rearrangement having taken place.

The 2 clones pMJ? and lambda s7 were comparéd and investigated
further to determine

a) how far the chromosomal gene-proximal sequences extended up-
stream on both clones (III.5)

b) whether any promoter activity was present immediately adja-
cent to the clones (III.7) and

¢) how far the transcriptional start site was located from the
translational start codon (III.8).
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ITY Definin he 5' Limit o he ones

III.5.1 Fine Restriction Mapping of the Subtilisin_ Locus

In order o facilitate analysis of the clones to hand, a more
detailed restriction map of the chromosomal locus was essential.

Preliminary studies had not revealed any site useful for clon-

ing purposes lying 5' to the gene between BclI (at least 1.6 kb
from the gene) (see Figure 5¢) and Stul, which is situated very
near the start of the coding sequences (see Figures 13 and 14).

Using either the Stul-EcoRI 700 bp or HindIII-EcoRI 120 bp frag-
ment of pMJ2 as hybridization probe, Southern blotting of MFJ29
DNA was carried out. Figure 11a lists the enzymes used to digest
EcoRI-digested chromosomal DNA. Figure 11b depicts the map dedu-
ced. Note that for some enzymes only the closest site to the

gene has been mapped: there are definitely others further up-

stream on the EcoRI fragment.

It is noteworthy that with the exception of Ddel, enzymes for
which sites were found clustered between B¢lI and Stul have GC-
rich recognition sequences (see Figure 11c), and suggest that
the entire region is GC-rich. Enzymes of this type tend to show
strong site preferences (New England Biolabs catalogue 1985/86,
p. 111). NarI and Banl probably cleave at the same site. There
are 3 other restriction enzymes whose recognition sites are com-
posed entirely of G and C residues, viz. Smal and Xmal (same
sequence), and Apal, but cleavage by these in the region was not

seen.

The sequence data obtained from the clones (Figure 14) showed
an extremely AT-rich region just upstream from the subtilisin
gene, as one might expect from what is known of Gram-positive
promoter regions (I.3.4, I.3.5.3, I.3.9).

It is thus probably significant that a GC-rich region lies just
beyond. Such stretches are frequently found in intergenic re-
gions in the Gram-positive Streptomyces (R. H@tter, personal
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FIGURE 11

FINE CHROMOSOMAL MAPPING OF THE REGION UPSTREAM

FROM THE SUBTILISIN CARLSBERG GENE IN MFJ29

(A) ENZYMES USED IN DOUBLE DIGESTION WITH EcoRI
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BstEII, Clal , Ddel, Dral, EcoRl, EcoRV, HaelIl, HaeIII , HgiAI, HinclI, HindIII, Hpal, KpnI ,
MluI, NaeI, NarI, Ncol, Ndel, NheI, NotI, NruI, Pst1”, pvui’, Pvull”, saci’, sacII,
sa11’, scar, smar’, sper, sph1®, sspI, Stul, StyI, Xba1®, Xhal, Xmal, XmaIlI, XmnI.

* Shorter probe used in blotting experiment

(see Figure 11b)
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communication), and presumably serve to eliminate undesirable
RNA polymerase “read-through" activity coming from further up-
stream by making the "melting® of the GC-rich region energeti-
cally more difficult.

III.5.2 Comparing Lambda s7 and pMJ2
The integrity of clones pMJ2 and lambda s7 was compared with

chromosomal DNA in Southern blotting of double digests of EcoRI
and the nearest mapped sites lying 5' to the gene viz. Stul,
Aval, SaclII, NarI and Ddel, listed in order of increasing dis-

tance from the translational start codon (cf.Figs.11b and 14).

Both clones had Stul and Aval sites correctly placed with res-
pect to EcoRI, but not the remaining sites lying further up-
stream (not shown).

Figure 12 shows the result of probing blots of EcoRI-Aval di-
gests with progressively shorter probes, whose relationship to
the gene is shown in Fig. 12d. Note that the Aval digestions
are incomplete, probably due to the sensitivity of the enzyme

~

to C-methylation.

It is clear that the 2 clones are identical as far upstream

as Aval, since the same fragment in control MFJ29 DNA and the
clones hybridizes to a 15-mer, NOR193, which corresponds to

the sequence on pMJ2 just 3' from the Aval site (Figure 14).
(The "non-specific" binding is more pronounced with the shorter
probes in all cases. The incompleteness of the Aval digest cer-
tainly contributes to the multiplicity of bands seen in the ap-
propriate samples. It is not unlikely though that the sequences
carried on the shorter probes, being typical "upstream® sequen-
ces, occur several times in the genome).

Thus regardless of the mechanism, in both lamba s7 and pMJ2,
sequences upstream from the subtilisin gene have been lost,
translocated or otherwise altered at a position between 230
and 650 bp from the translational start codon (cf.Figs.11lc & 14).
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FIGURE 12: COMPARISON of pMJ2 & As7 by SOUTHERN ANALYSIS
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For sequencing purposes, and expression studies, material deri-
ved from pMJ2 was used exclusively.

No steps were taken to establish whether a deletion had occured
in lambda s7 (as was the case in lambda s6) or whether the clo-
ned fragment is intact, ie.extends from a Sau3A1 site between
Sacll and Aval.

6 equence he Subtilisin Carlsbe Gene and
Flanking Sequences

II1.6.1 _ The Seguencing Strategy

The sequencing of the subtilisin gene was undertaken in colla-
boration with Jan-Ingmar Flock. Almost all the dideoxy sequen-
cing (II.14.2) was carried out in Dr. Flock's or M. Uhleéen's
laboratory, whereas the chemical sequencing (IX.14.1) was per-
formed by the author.

Figqure 13 shows the strategy used for sequencing the subtilisin
locus. The relationship of the various clones discussed in the
text to the gene is shown clearly above the restriction map. Al-
so indicated are the extent of sequence read in each direction,
as well as the fragments used to perform the chemical sequencing.
In the two short regions where the sequence was obtained in only
one direction or on one strand only, it appeared to be complete-
ly unambiguous on repeated gels. Figure 14 shows the sequence ob-
tained. Appendix 2 shows diagrammatically the restriction sites
found in the sequence.
i Fram

The sequence shows an ORF starting from base 370 in Fig. 14,

6. Ope ea

which comprises 1137 nucleotides and terminates in a TAA stop
codon at position 1507.

This encodes a 379 residue protein of Mr38'91°' assuming that
both the initial Met residues form part of the protein product.
It may be that the first Met codon is not used (but see below),
and the initiator f-Met may be removed post-translatiohally (Le-

win, 1974).
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FIGURE 13: SEQUENCING.STRATEGY FOR CARLSBERG GENE
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FIGURE 14: SEQUENCE OF SUBTILISIN CARLSBERG

GENE AND FLANKING REGIONS
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N T D G "N UG @FopitRicyrss g55g APV <p A L D
+60
‘ 921 . 933 945 957 962
AATACAACGGGT GTATTAGGCGTT GCGCCAAGCGTA TCCTTGTACGCG GTTAAAGTACTG
H T T 6 V olh:G Voo BB & ilcnd o KN L=
+80
EcoRI 981 993 1005 1017 1029
AATTCAAGCGGA AGCGGAACTTAC AGCGGCATTGTA AGCGGAATCGAG TGGGCGACGACA
8 8 6 8 :G:Ts¥e & 20ewluiVi 15 o@ueTeBageW & T T
+100 Y :

1041 1053 1065 1077 1089
AACGGCATGGAT GTTATCAACATG AGTCTTGGAGGA CCATCAGGCTCA ACAGCGATGAAA
R G M.D ¥ 5t M Seale Gubnridniielefh o & ¥ K - |

+120 Carlsberg sp. |

1101 b D 53 1125 1137 1149 © " |
CAGGCGGTTGAC AATGCATATGCA AGAGGGGTTGTC GTTGTGGCGGCT GCTGGGAACAGC
T ATV D LN ER AR SOgiigitgniaiity SRSt SR (6N 8

_ probe +140

1161 1773 1185 1197 1209
GGATCTTCAGGA AACACGAATACA ATCGGCTATCCT GCGAAATACGAC TCTGTCATCGCA
G S -8 G AN e Y R G



FIGURE 14:

SEQUENCE OF SUBTILISIN CARLSBERG

GENE AND FLANKING REGIONS

(cont.)

1221 1233 1245 1257 1269
GTTGGCGCGGTA GACTCTAACAGC AACAGAGCTTCA TTTTCCAGCGTC GGAGCAGAGCTT
V ¢ AV DS NS NRAS F S SV G ATEL

+180

1281 1293 1305 1317 1329
GAAGTCATGGCT CCTGGCGCAGGC GTGTACAGCACT TACCCAACCAGC ACTTATGCAACA
E VvV M A D G A G vV Y § T Y b T S T Y A T

+200

1341 1353 1365 1377 1389
TTGAACGGAACG TCAATGGCTTCT CCTCATGTAGCG GGAGCAGCAGCT TTGATCTTGTCA
L N G T S M A S P H V A G A A A L I L S

+220

1401 1413 1425 1437 1449
AAACATCCGAAC CTTTCAGCTTCA CAAGTCCGCAAC CGTCTCTCCAGT ACGGCGACTTAT
K H » N L S A S QV RN RL S S T AT Y

+240 BclI ]

1461 1473 1485 1497 1509

TGGGAAGCTCC TTCTACTATGGA AAAGGTCTGATC AATGTCGAAGCT GCCGCTCAATAA
L G S S F Y Y G K G L I N V E A A A 0O l
) +274
1519 1529 1539 1549 1559 1569
CATATTCTAA CAAATGGCAT ATAGAAAAAG CTAGTGTTTT TAGCACTAGC TTTTTCTzCA
+
1579 1539 1599 1602 1619HaeIII 1635™
TTCAGTTGAA GACTGTTCAA TATTTTGAAT CCGTTCCATT ATGGTCGGAT GGCC

Nt numbering 1 to 1623 above sequence

AA numbering -105 to +274 below sequence
AAs indicated by single letter code.
Structural & functional features discus-
sed in text are underlined.

Palindromes are indicated with divergent
arrows. Center of dyad axis of symmetry

is shown as"+} mismatches in palindrome

as dots.

Small vertical arrows"P1, P2"show approx.
location of transcriptional start sites
determined by S1 mapping.

Small vertical arrows"START" show mRNA
start site as determined by cDNA sequen-
cing. ,
RBS = putative ribosome binding site
-10, =35 indicate hexanucleotides with
homology to the relevant RNA polymerase
recognition sequences.

referred to
and

Synthetic oligonucleotides
in the text are shown underlined,
the names are selfexplanatory.

“term"indicates the transcription termi-
nation site as determined by S1 mapping.



The amino acid sequence deduced from the nucleotide sequence is
in keeping with expectations when compared with the structure
of the B, amyloliquefaciens and B. subtilis subtilisin genes
which both encode a BPN' type enzyme (Wells et al,1983% Stahl
& Ferrari, 1984 resp.) 1.2.2.2;I.8.2).

Using the rules of von Heijne (1984) to evaluate potential sig-

nal cleavage sites, a typical Gram-positive signal sequence con-
stitutes the first 29 residues, with respect to both its length

and the number of positively charged residues at the N-terminus

(viz. 3) (see I.9.1).

There is a region between the signal peptide and the mature ex-
oenzyme coding sequences of 76 codons. It encodes a “*pro-" pep-
tide, which is highly charged (I.8.2).

YR, . ith G : ot] subtilisi
When the deduced "mature" enzyme encoded by the gene from MFJ29
is compared with the published AA sequence of subtilisin Carls-
berg (Smith et al, 1968), there are only 5 differences viz. at
residues +102, 128, 157, 160 and 211. (Fig.1, lines 1 & 2; but
note that residue +56 of the BPN' sequence (line 5) is not pre-
sent in the Carlsberg enzyme, so the numbering for the latter
must be adjusted accordingly).

The apparent discrepancies at positions 157, 160 and 211 may be
attributed either to the reported amino-acid sequencing ambigui-
ties (Smith et al, 1968) or else to strain variation, since they
can be accounted for by a single base change. The last explana-
tion probably also accounts for the differences at +102 and
+128. The primary sequence of another Carlsberg-like subtilisin,
subtilisin DY (line 3 in Fig.1; Nedkov et al, 1985) has the same
amino acids at positons 102, 128 and 157 as those encoded by the
gene from MFJ29, whereas at positions 160 and 211 it resembles
the protein sequenced by Smith et al (1968).
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The deduced prepro- AA sequence of subtilisin Carlsberg and
those published for two BPN'-type enzymes were also compared
(Figure 15). While there are a number of blocks of conserved
residues (underlined), notably before the proposed signal-pro,
and pro-mature processing sites, the degree of divergance at
the N-terminus (signal sequence) is quite marked (see I1.9.1).
This difference was highlighted when the corregponding nucleo-
tide sequences of these genes were compared by the "dot matrix"
method (Maizel & Levik, 1981; Deveraux et al, 1984). The two
sequences are arranged along X and Y axes respectively, and
each position (or stretch of residues) tested for identity (or
a chosen degree of homology). Where the requirement is met, a
dot is placed at the cross-over point. Over similar regions the
dots coalesce to form a line of identity. This analysis was '
carried out by M. Uhlén at the EMBO laboratories in Heidelberg,
and the result shown in Fig.3 of the publication in Appendix 1.

III.6.2.2 Secondary Structure Predictions

In spite of the considerable variation in the signal sequence
and the signal-proximal part of the pro-region, secondary
structure predictions for the BPN' and Carlsberg enzymes show
that their respective hydrophobicity plots (Kyte & Doolittle,
1982), and« -helix/pg-sheet predictions (Chou & Fasman., 1978).
are almost superimposable, ie. a similar tertiary structure
over the entire precursor protein may be expected for both
.subtilisin types (Fig.4 in Appendix 1). Similar results were
obtained with a hydrophilicity plotting program based on Hopp &
Woods (1981) (not shown).

6 U eam i e
Just upstream from the ORF there are two overlapping, possible
ribosome binding sites ie. sequences complementary to the 3'-
end of the B, subtilis 16S rRNA, which has the sequence 3'-0OH-
UCUUUCCUCCACUA (Shine-Dalgarno, I.7.1; Murray & Rabinowitz,
1982). These are found between nucleotides 353 and 361 in
Fig.14.
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When calculated by the rules of Tinoco et al (1973), the free
energies of formation of mRNA-16S rRNA hybrids for the first
possibility (viz.AGGAGGAGA, overlined) is -16.8 kcal, and -11.6 kal
for the second (viz.AGGAG, underlined). Both values are above

the average for E. ¢o0li ‘RBSs (I.7.4), and the higher one is
typical of those found in Gram-positive systems (Hager & Rabi-
nowitz, 1985a). »

This suggests that the first probably serves as the RBS, but
both possibilities are situated favourably with respect to the
first ATG codon: When the spacing between the Shine-Dalgarno
and the initiating codon is measured from the base that can
pair with the U in the -CCUCC- of the 16S rRNA, the average
spacing in E. coli is 10 bases (Stormo et al, 1982). In Gram-
positives the value is 10.4 bases (Hager & Rabinowitz, 1985a).
As the two possible SD sequences are located 12 and 9 nucleo-
tides resp. from the first ATG, they argue for it indeed being
the initiator codon, though this was not shown experimentally.

Note also the potential RBS (AG= -10.4 kcal/mol) starting at
nucleotide 657 viz. GGAaGaGG, just before the start of the ma-
ture coding sequence. An RBS of this type would certainly func-
tion in E. ¢oli. In fact it is identical to the putative RBS
for the T7 early gene 1 (Table II in Hager & Rabinowitz, 1985a).

While ATG has been shown to be the translation initiation co-
don in almost all genes from E, coli studied to date, there are
a number of examples where GTG has this function (I.7.2; Stormo
et al, 1982). It is thus interesting to note that a GTG codon

is found just after this postulated "internal® RBS, at codon -5
in the sequence. Such a Jjuxtaposition of possible translational
signals does not occur in the BPN' genes, even though the area
concerned is highly conserved. It is not inconceivable that
translation initiation/reinitiation could occur at this position
in E, coli and lead to a detrimental accumulation of an active
intracellular form of "mature® subtilisin that has only 5 addi-
tional AA residues at its N-terminus. This could be one expla-
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nation for the difficulties in cloning the subtilisin Carlsberg
gene - in E, ¢oli, at any rate.

As far upstream as the sequence was determined, the region is
predominantly AT-rich, and contains runs of A and T residues
typical of Bacillus promoter regions (I.3.4;-I1.3.5.3; I.3.9).

Just upstream from the putative ribosome binding site(s), and
centred about position 321, are two overlapping hexamers having
a 5 out of 6 match with the consensus sigma-43 -10 recognition
sequence viz. TATAAT. At the usual spacing of 17 nucleotides
from this, (about position 300), a hexamer having the same de-
gree of similarity to the canonical sigma—43 -35 region (viz.
TTGACA) is situated. Note though that the "invariant G" in
this stretch is not present (Table 1; I.3.4).

At 309-318, a possible sigma-37 -10 region abutts the one for
sigma -43 mentioned above. It has an 8 out of 10 match with the
consensus (Table 1,& Wang & Doi, 1984). No corresponding =35
region can however be found.

Inspection of the sequence further upstream shows several pos-
sibly significant features. Because of the predominance of A
and T residues, many closely related sequences can be found as
direct or indirect repeats. A perfect direct 7 bp repeat (at
29-35, 85-91 and 104-111) is seen. Several palindromes are
present: one of 9 Ip centred between bases 5 and 6, and one of

6 bp centred on base 345. Whether these short sequences have
any functional significance is questionable.

There are however two palindromes whose positions relative to
the approximate transcriptional start sites/promoter consensus
hexanucleotides, and RBS suggest a likely regulatory role.

There is an 18 bp palindrome (with only 2 mismatches) extending

from base 299 to base 346, and centred between bases 322 &323.
The approximate transcriptional start sites identified by
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S1-mapping (III.8.2) certainly lie in the region encompassed by
this palindrome. A similar region of dyad symmetry, though less
marked than this one, covers the two promoter regions identified
for the B. subtilis subtilisin gene (Wong et al, 1984). Such
features are typical of operator regions (Rosenberg & Court,
1979), and constitute recognition sites for regulatory proteins.

Most interestingly, the RBS sequence is found on one arm of a
12bp palindrome (325-336 & 349-360). mRNA initiated upstream
from position 325 would thus be able to adopt a 2° structure
in which the SD is sequestered in the stem, and translation
could therefore be made less efficient (see I.7.1).

such a 2° structure has been postulated to account for the poor
ribosome-binding ability of transcripts from the minor glyce-
rol-stimulated P3 gal promoter. In contrast, in the shorter P2
transcript, which is efficiently translated, the SD is placed
in the loop (Queen & Rosenberg, 1981). Induction of the cat-86
gene by chloramphenicol is thought to involve destabilization
by the inducer of a stem-loop mRNA structure that sequesters
the RBS (Ambulos et al, 1986). In a.duplication mutant, where a
“free" RBS is also available, expression is constitutive (Ambu-
los et al, 1985).

These speculations would receive some support if exact locali-
zation of the transcriptional start sites placed the one up-
stream from the left-most arm of the palindrome involving the
RBS, and the other such that the postulated stem-loop formation

was not nossible.

If one considers transcripts starting at a position 5' from
base 299 in Fig. 14, it is not difficult to imagine two mutu-
ally exclusive, alternative conformations for mRNA molecules,
where the one involves palindrome 299-346, the other the RBS
palindrome 325-360. The transcriptional start site of the
subtilisin Carlsberqg gene identified by cDNA synthesis and

sequencing (Appendix 3) in fact lies around base 298, so mRNA
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secondary structures may very likely be important in the con-
trol of this gene.

Demonstration of promoter activity in these flanking sequences
is described in III.7. ~

6.4 wns n ki
A palindrome follows the Open Reading Frame in Figure 14. The
calculated free energy of the hairpin structure is -21.1 kecal
/mol (Devereaux et al, 1984) which is similar to other Gram-
positive termination signals (Lehtovaara et al, 1984; Paddon &
Hartley, 1986; Wells et al, 1983, Vasantha et al, 1984).

Evidence is presented in III.8.3 to show that this structure
indeed serves as the transcriptional terminator for the subti-

lisin gene in B, _licheniformis, from which it originates.

7 . ¢ the Subtilisi 1s} : '
IT1.7.1 blj he G

Since an attractive sigma-43 promoter had been found just-up-
stream from the gene coding sequences (Figure 14, III1.6.3),
the gene was assembled in E, ¢oli from the partial clones pMJ1
and pMJ2 , and then transferred to B, subtilis to determine
whether promoter activity could be detected.

Figure 16 depicts schematically how the 5‘' portion (from pMJ2)
and the 3' part of the gene (from pMJ1) were spliced together
at the EcoORI site. Note: The 5' limit of the fragment taken
from pMJ2 was Stul. At the time these experiments were carried
out, the presence of the Aval site had not yet been established.

These steps were carried out in the low copy mutant host MFJ233
to avoid the deletions seen with pMJ2 at normal plasmid copy
number. The final plasmid pMJ26, carrying the complete recon-
stituted gene, proved to be stable upon retransformation into
MFJS92.
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FIGURE 16

ASSEMBLING THE SUBTILISIN GENE
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7 a i he Ge am-Pogjitive
for Expression
Figqure 17 shows how the complete coding sequence was transfer-
red from pMJ26 to Gram-positive vectors.

Both p820 and its low copy number analogue, p900, were used.
The recombinant was stable in B, subtilis MFJ93 in the higher
copy number form, pMJ28.

No expression of subtilisin Carlsberg from these plasmids could
be detected by any of the following criteria:

(a)on skim-milk plates (II.9.1.f; the halo size was not larger
than in the untransformed host),

(b) by colorimetric estimation of exoprotease (Azocoll assay,
I1.9.1.2),

(c) by use of a specific anti-Carlsberg antiserum (Figure 4,
well 3) or

(d) by failure to vizualize a band with mobility similar to
that of the authentic enzyme in SDS-gel electrdphoresis of cul-
ture supernatants (I1I1.12.3).

11.7.2.2 E . £ the G with H ] :

The failure to achieve expression with pMJ28 may either be
attributed to the lack of promoter sequences on the plasmid ,
the need for B, licheniformis-specific factor(s) required for
expression in the B, subtilis host, or else to the possibility
that the gene was assembled incorrectly, or in such a manner
that the coding sequences were disrupted.

To determine whether the lack of expression was due to such an
artefact of plasmid construction, the integrity of the coding
sequences was checked by cloning well-characterized heterologous

promoters from other Bacjillus spp. in fronu of the in vitro
assembled gene,

Figure 18 shows the steps involved in constructing pMJ29 and
pMJ32, where respectively the xylose-inducible B, subtilis
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FIGURE 18: EXPRESSION OF SUBTILISIN GENE WITH
HETEROLOGOUS BACILLUS PROMOTERS
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x¥YnB promoter, and B, stearothermophijlus a-amylase promoters

were utilized.

Figure 19 shows the large halos of proteolysis formed on skim-
milk plates by supernatants of B. subtilis cells containing

plasmid pMJ32 (MFJ213 ) and pMJ29 (MFJ205 , grown
in the presence of xylose).'Under the same conditions, the
untransformed host shows no hale (MFJ93 ).

Extracellular proteolytic activity was measured by the conve-
nient Azocoll method and correlated with the growth curve. For
all such experiments 100 ml modified Schaeffer's medium in a 1L
flask was inoculated 1:100 with a fresh LBroth overnight cul-
ture (II.2). Results are shown in Fig.20.

In all 3 strains, exoprotease levels rOse steeply after the
exponential phase wes over (i.e. after To), and accumulated in
the medium. The strains carrying the two expression plasmids
secretedapproximately the same amount of exoprotease. In some
experiments, it was MFJ213 that secreted slightly higher am-
ounts than MFJ205, and not the reverse, as shown in Fig.20.
They secretedsignificantly more than the untransformed host
strain: from 10 to 20-fold more depending on when samples are

measured.

Note: In the experiment shown in Fig.20, MFJ93, the strain
from which the plasmid host XynB mutant MFJ210 is derived, was
used as the reference, and not MFJ210 itself.

That this extra exoprotease activity is specifically due to
overproduction of serine protease is clear from an examination
of the residual activity measured in the presence of inhibitors,
which is shown below.
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FIGURE 19

OVERPRODUCTION of SUBTILISIN from CLONED GENES

Samples are 20h LBroth supernatants, unless otherwise
stated. "*" designates 4-day BP-X samples.

Skim-milk /Gelatin Plate

MFJ93 135 93*
93 213 205(+xylose)
29 29*

Skim-milk Plate

MFJ195 246 210 157 250 249
196 248
195 249

‘\j 246 250

REDUCED SUBTILISIN PRODUCTION by apr DELETION MUTANTS

Skim-milk Plate MFJ 93 157 168wt MFJ231




FIGURE 20: EXPRESSION OF SUBTILISIN CARLSBERG BY HETEROLO-

GOUS PROMOTERS

Growth in Schaeffer's medium was monitored by optical den- .
sity at 450 nm. Glucose was omitted from, and 0.2% xylose (w/v)
added to, the medium in the case of MFJ205. Exoprotease
activity was measured by the Azocoll assay (II.9.1), and
results recorded as A520'

MFJ 93 = "wt"
MrJ213 = MFJ210 (pMJ32), a-amylase promoter
MFJ205 = MFJ210 (pMJ29), xylosidase promoter
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Table 7: Overproduction of Carlsberg Enzyme Using

Heterologous Promoters

X ase P ion jin M
ASZO 20hr supernatants; normalized for
sample volume of 0.45 ml.

Total +EDTA +PMSF

10mM 1 mM

MFJ 93 0.083 0.016 0.044
MFJ205 0.900 0.814 0.020
MFJ213 0.805 0.790 0.013

Note: It was consistently found that the sum of the activities
measured individually in the presence of the inhibitors usual-
ly failed to reach 100%. This is discussed more fully in IV.6.
4.4,

Almost all the activity disappears when the serine protease
inhibitor PMSF is preincubated with the sample. In contrast,
the metalloprotease inhibitor EDTA has little effect. The lower
than wild-type residual activity in supernatants of overprodu-
cers MFJ 205 and 213 in the presence of PMSF is most probably
due to degradation of the neutral protease by the excess subti-
lisin secreted into the medium (Dancer and Mandelstam, 1975a).

Proof that the "extra®" serine protease secreted by MFJ 205 and
213 is of the subtilisin Carlsberg type was obtained by SDS gel
electrophoresis and immunodiffusion experiments.

Figure 21 shows that MFJ 205 (lane 6, grown in the presence of
Xylose) and MFJ 213 (lanes 8 & 13) secrete a protein that co-
electrophoreses with a prominent diffuse band in the superna-
tant from MFJ29 (lanes 4,7 & 12), the strain from which the
subtilisin Carlsberg gene was cloned. This band has a mobility
similar to, but not identical with, that of authentic subtili-
sin Carlsberg (lanes A). It is not present in samples from the
untransformed host MFJ 210 (lanes 9 & 14), and is distinct from
both authentic subtilisin NOVO (lanes N) and B, subtilis's own
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subtilisin, seen as the most prominent band of overproducer
MFJ135 (lanes 3,10 & 15). The small differences between the
mobility of the cloned gene products and the markers is most
probably due to strain variation ie. small amino acid/charge
differences in the enzymes.

Figure 4a shows the immunoprecipitin band of identity between
subtilisin Carlsberg ("Alcalase", wells 1 & 4) and a component
of the culture supernatants of MFJ29 (well 5) and 213 (well 6).

The failure to detect expression with pMJ28 (MFJ198, Fig.4A,
well 3; Fig.21, lane 5) was thus not due to some error in
reassembling the coding sequences for subtilisin. It probably
indicates the lack of a functional promoter in front of the

gene.

I1X1.7.3 Processing of Prepro-Subtilisi
An interesting point arises regarding the timing of subtilisin
secretion seen in the two strains MFJ 205 and 213.

While one might well expect a post-exponential appearance of
subtilisin when it is under its own regulatory elements (I.2.1;
I.6.5.3, MFJ93 in Fig.20), or under an a—amylase promoter (I.S5.
1.1, Nicholson et al, 1985), this is certainly not the case
with the induced xylosidase promoter used in pMJ29.

-

Moreover, in a construction identical to pMJ32, but where the
B. stearothermophilus o -amylase promoter drives transcription
of a p-lactamase gene instead of the subtilisin gene in a B,
subtilis host, it was found that p-lactamase was expressed
constitutively from the plasmid (L. Christiansen, personal com-
munication). In this particular instance therefore, an earlier
appearance of subtilisin may also have been expected. The mul-
tiple copies of the promoter region evidently disturb the tem-
poral activation normally seen with the single chromsomal copy
in the strain from which the promoter derives. Normal gene
regulation is often impaired by amplification of target sequ-
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ences (see 1.6.5.2 for other examples).

The timing of expression in MFJ205, grown ian the presence of
0.2% xylose, was examined more closely to ensure that low le-
vels of exoprotease at an early time in growth had not escaped
detection.

Figure 22 shows the temporal pattern of both induced xylosi-
dase expression (intracellular) (measured with PNPX as des-
cribed in II.9.2), and exoprotease activity in the reference
strain MFJ 93. In the absence of xylose, MFJ93 shows no xylosi-
dase activity (data not shown). The cells were grown in the
presence of 0.2% xylose (w/v).

Note: As the MFJ93-derived pMJ29 host MFJ210 is Xyl , MFJ93 was
used as a control. Xylosidase promoter activity in MFJ210 can
only be monitored by following synthesis of the mutant xvnB
mRNA. It has however been established that the kinetics of
xylosidase induction in MFJ210(pSX50), ie.in the Xyl mutant
carrying a plasmid with the intact gene, are identical to those
of the wild-type chromosomal gene (Sven Hastrup, personal com-~
munication).

Xylosidase is detectable fully 2 hours prior to To in MFJ93.
When the early samples were assayed for a short period, the v
initial rate of reaction was directly proportional to cell den-

sity over the range A450 0.3 to »2. (See inset in Fig.22).
Exoprotease is first detected in stationary phase.

In MFJ 205 too, grown under identical conditions, exoproteo-
lytic activity is first detected after T,- The value obtain-

ed in the Azocoll protease assay soon after To' where cell
density is 5 (viz. A520=0.04), is sufficiently high to have
permitted reliable measurement of exoprotease down to densities
of 0.5 or lower, assuming that subtilisin secretion had been
linearly related to cell density. However, no such activity was
seen immediately prior to To' at 0OD=3.
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FIGURE 22: DELAYED APPEARANCE OF SUBTILISIN IN THE

MEDIUM WHEN EXPRESSED BY AN INDUCED PROMOTER ACTIVE

IN EXPONENTIAL PHASE

Cells were grown in Schaeffer's medium containing
0.2% xylose, as described in the text. As indicated
in the figure, samples were removed for determina-
tion of exoprotease activity ( Azocoll assay, II.
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One must.thus conclude that no extracellular subtilisin was
present at the earlier times.

Although it was not shown directly (by the measurement of
subtilisin-Carlsberg specific mRNA in MFJ205, or by following
a. transcriptional fusion with xynB), that the induced xynB
promoter indeed directs subtilisin transcription in exponential
phase (where it is demonstrably active in the reference strain
MFJ93, Figure 22), there is not much reason to doubt that it
does so. MFJ210 was derived from MFJ93 by substitution of the
wild-type xynB allele with the same gene carrying a 4 bp dele-
tion in the xylosidase coding sequence. This leads to the Xyl~
phenotype, but the regulatory elements are unaltered (see Note

above).

In a study of B, subtilis subtilisin regulation, where the up-
stream regulatory region and the first 8 codons of the subti-
lisin gene were fused to lac%, B -galactosidase eXpression was
first detectable between T, and T, in a wt host. Since no
post-translational transport or processing steps are required
for phenotypic expression of LacZ, the kinetics observed can
be assumed to reflect transcription from the subtilisin promo-
ter (Ferrari et al, 1986).

Studies on the maturation of the membrane-bound subtilisin
(P42) to the exoprotease form (P27) show that both forms are
first detectable by radioimmuncassay at the same time, viz.
just prior to the onset of sporulation. The precursor levels
peaked shortly after their first appearance, then declined in
synchrony with exoprotease accumulation in the medium (Powers
et al, 1986; see also Mintsdl4 & Zalkin, 1980).

In neither study was there a lag before the first release of
the mature form into the medium from a prior accumulation of

membrane-bound precursor.

These results are consistent with earlier investigations using
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B. amvloliquefaciens, in which it was demonstrated that newly

synthesized a-amylase and protease molecules enter an intra-
cellular pdol.-After translation is complete, up to 15 minutes
can elapse before there is release of enzyme into the medium
(Gould et al,”"1975). Vasantha & Thompson (1986) have similarly
observed an (unspecified) lag between the synthesis of apr or
npr presequence-spa fusions, and emergence of protein A into
the medium.

As protoplasts neither displayed a pool, nor the lag between
synthesis and secretion (Gould et al, 1975), it seems likely
that the delay reflects passage through the cell wall. Pulse-
chase experiments revealed that the delay was however not ob-
ligatory, and that individual, newly-synthesized molecules
could emerge in the shortest time measured in above-mentioned
study, viz. 5 mins.

It seems therefore that transcription and first appearance of
subtilisin in the medium are closely linked, and normally take

place around To.

wWhy there should be a considerable delay (several hours) after
the presumed time of transcription (deduced from the xylosidase
expression in MFJ93), before extracellular subtilisin appears
in the medium of MFJ205 is not clear, but deserves further
study.

It is notable that the pMJ29-encoded exoprotease is first de-
tected at the usual time of appearance of the endogenous sub-
tilisin in stationary phase.

Based on the observation that maturation (prepro- to mature
enzyme) of heterologous mutant inactive subtilisin precursors
failed to take place in A apr hosts, Powers et al (1986) con-
cluded that this processing is autocatalysed. Release of mature
(inactive) P27 enzyme could be effected by either addition of
authentic subtilisin to the cells, or else by prolonged incu-
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bation, until.almost all cells have sporulated, lysed , and
released their intracellular proteases. The authors mention
the possibility that it may be these proteases which initiate
subtilisin processing in_vivo, by having sporulated early ar-
ound To. This seems highly plausible since Beppu (personal °
communication) also measured increased exoprotease production
in ISP overproducers (I.2.3.3.3). Significantly for the auto-
activation hypothesis, preprosubtilisin produced in vitro re-
mains in the P42 precursor form. This suggests that in vivo
factors eg. membrane location, precursor folding, processing
enzyme, other co-factor) are necessary to give rise to the P27

mature enzyme.

It would therefore be interesting to examine subtilisin-speci-
fic mRNA production and subtilisin antigen associated with
membranes in exponential cells of MFJ205 to determine whether
the late release observed is attributable to transcriptional
or post-transcriptional factors.

It remains to be established firmly whether the xynB promoter
on pMJ29 is active in that period, and that initiation takes
place at that promoter. It is unlikely, but not inconceivable,
that the B, licheniformis sequences immediately 5' to the sub-
tilisin gene could hinder early transcription in some way. For
example, they could bind a negatively-acting factor that pre-
vents passage of RNA polymerase past it early in growth. Alter-
natively, transcription from the xvynB promoter through the
palindrome that includes the RBS (Fig.14, base 325-360) could
lead to an mRNA that is not translatable (as discussed in III.
6.3), possibly until some other factor is present in the cell.

Should promoter activity be as expected, it should be possible
to demonstrate accumulation of P42 in the membrane until éctive
enzyme is released after To. This would indicate that whatever
triggers subtilisin maturation in B. subtilis is not present
earlier in growth.
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IT1.7.4 Testing “"Upstream" Sequences From pMJ2 for Promoter
Activity

Since no promoter activity had been found downstream from the

Stul site (pMJ28; Figure 17), the adjacent 5' sequences were

isolated from pMJ2 and examined for their ability to direct

transcription of the subtilisin Carlsberg gene (pMJ42) or a

promoterless xylosidase gene (pMJ33).

Figure 23 shows how the 2.9 kb EcoRI-Clal "“upstream" fragment
- was put together with the above-mentioned genes. To facilitate
the constructions, a Clal linker was inserted in the unique
Stul site in pMJ2. The resultant plasmid is called pMJ2-Clal.
To ensure that the correct pMJ2 sequences were used, the
HindIII-Clal band, which runs well separated from the other
large HindIII band on agarose gels was first isolated and then
cut with EcoRI,.

MFJ210 was transfcrmed with pMJ33 (resulting in MFJ219) and
pMJ42 (to give strain MFJ221).

The former strain showgd no sign of xylosidase synthesis us-
ing the sensitive fluorescent substrate MUX (II.S9.2), and the
latter no sign of subtilisin Carlsberg synthesis either by
immunodiffusion (I1.15) or SDS gel electrophoresis (II.12.3)
(data not shown). '

This was surprising as the instability of pMJ2 at high copy
number (III.4.4.2.3) had been interpreted as indicating some
activity detrimental to the host. Despite the signs of rear-
rangement upstream from the subtilisin gene (III.4.5.2), it
was anticipated that some subtilisin promoter activity was
present.

It therefore appeared that the subtilisin Carlsberg promoter
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either might be situated relatively far from the gene itself,
ie. beyond the 5' limit of the gene-proximal sequences which
were unaffected by rearrangement. Alternatively, B, licheni-
formis-specific factor(s) might be required for utilization
of the promoter. Since transformation of B, licheniformis was
not successful in my hands, this latter possibility could not
readily be tested.

To ascertain approximately how far the jin vivo promoter lies
from the gene coding sequences, RNA was isolated from MFJ29

(see below, III.8).

The size of the subtilisin-specific mRNA in Northern blotting
was shorter than anticipated. Estimation of its length indica-
ted an in _vivo transcriptional start site close to the gene,

in the region of the Stul site (see below). It was thus likely
that the 30 bp of non-chromosomal, "linker® DNA on PMJ42, whict
are interspersed between subtilisin fragments up- and down-
stream from Stul, were located in a region crucial for promo-

ter activity.

To check this possibility, a construction was made that did
not carry any extraneous sequences in the Stul site.

.7 Expression of Subtilisin Carlsbe m it W
Promoter
Fig.24 shows how the cloned chromosomal sequences extending
from Aval upstream, to HaelIll downstream (cf.Fig.13) were put
together in E. _¢oli. They were then transferred to a Gram-pos-
itive vector for expression in B, subtilis.

Strains B. _subtilis "wt" MFJ210, and MFJ}S?, which has

a deletion of most of the chromosomal subtilisin sequences,

were transformed with pMJS51. The Cm transformants were
respectively MFJ246 and 250.

On L Broth plates containing skim-milk, exoprotease overproduc-
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FIGURE 24: ASSEMBLING THE SUBTILISIN GENE FOR EXPRESSION
FROM ITS OWN PROMOTER
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tion (ie.halo size) relative to the untransformed hosts was
barely discernable with the wt, but was obvious in the case of
MFJ250. These differences are more readily demonstrated by tes-
ting 20h L Broth culture supernatants on agarcse plates (II.9.1.
1); Fig.19 shows the dramatic difference between MFJ157 and its
pMJS1 transformant, MFJ250 . In contrast, MFJ210 and its pMJ51
transformant MFJ246 have more or less the same exoprotease ac-

tivity.

The extent of overproduction of 4-day BP-X cultures was quanti-
fied by the OPA assay, with casein substrate (method not des-
cribed here; H. Outtrup, personal communication). Shown below
are absolute exoprotease levels for "wt" MFJ210 and a series of
CmR transformants.

Table 8: Overproduction of Carlsberg Enzyme Using Own Promoter

OPA strain
MFJ210 2.9 wt with respect to protease
MFJ196 1.2 MFJ210(p820)
MFJ195 1.3 MFJ210(pMJ28)
MFJ246 10.1 MFJ210(pMJ51) .
MFJ157 0.8 apx deletant

It is obvious that the vector p820, which forms the basis for
the expression plasmids in this study, in some way inhibits
exoprotease production. The culture medium of MFJ196 contains
less than half the proteolytic activity of the host MFJ210 (see
also Fig.19). This cannot be accounted for solely by any inhi-
bitory effect on growth exerted by the plasmid. The presence

of p820, pMJ28, or pMJ51 in the cell leads to stationary phase
cell densities in the presence of Cm 6 Pg/ml only 15 to 20% lo-
wer than that reached by the untransformed host (not shown).

The difference between MFJ195 and MFJ196 is not significant,
though it is not impossible that pMJ28 supports a very low le-
vel of subtilisin Carlsberg synthesis, not detectable by any
of the means tried (III.7.2.1).
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pMJI51 transformant MFJ246 secretes 3x more exoprotease than
does the host, MFJ210. Due, however, to the depressive effect
of the vector on exoprotease levels (seen in both MFJ195 & 196),
the Carlsberg promoter may actually be directing the pioduction
of 7-8x more protease. This represents a promoter activity ra-
ther lower than that shown by the cloned endogenous B, subtilis
subtilisin promoter under similar conditions, and on a vector
closely related to p820 (see IV.5.2).

The vector effect was also obvious when p820 and pMJ28 were
transferred to the subtilisin deletant (Fig.19, MFJ248 and 249
respectively, cf. with MFJ157).

An homologous series of p820,pMJ28 and pMJI51 transformants of
MFJ157 were also tested in the OPA assay. L Broth 20h superna-
tants did not contain protease levels high enough to be detec-
ted in that assay. Protease accumulates to at least 50-100x
higher levels during a 4 day incubation in BP-X, than can be
achieved in L Broth (H. Outtrup, personal communication). In
the 4 day incubation in BP-X, it was clear that the plasmids
had been lost from MFJ157 (all transformants had the same ac-
tivity as the host). A Cm concentration of 15‘Pg/m1 is needed
for plasmid maintenance in MFJ157, and levels had evidently
fallen too low during the incubation.

That the overproduction of exoprotease by MFJ246 was due spe-
cifically to synthesis of the Carlsberg-type subtilisin, was
demonstrated by immunodiffusion, and by direct visualization
of the protein by SDS gel electrophoresis. Fig.4B illustrates
the immunological identity of authentic subtilisin Carlsberg
("Alcalase"), and a component of the supernatant of MFJ246
(wells 10 & 12). In contrast, a supernatant containing large
amounts of the BPN'/NOVO type enzyme, did not cross-react
with the serum (overproducer MFJ135, well 9).

A band comigrating with authentic Alcalase was seen in 4 day
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supernatants of MFJ246 (Fig. 21, lane 11). This band was not
present in samples from the host MFJ210 (lane 9). In similar
samples from strains which overproduce subtilisin from a cloned
gene (BPN' type: MFJ135, lanes 10,15; Carlsberg type: MFJ213,
lanes 8,13), the subtilisin band was by far the most prominent.
This is presumably due to degradation of other components by
the protease. This was not the case with MFJ246, and probably
reflects the very moderate increase in exoprotease production.

I11.8 Mapping the Transcriptional Start & Terminator Sites
Promoter activity had been demonstrated on pMJ51 (Fig.24), but

not on pMJ28 (Fig.17) (III.7). These plasmids differ only in
that pMJ51 carries an additional 120 bp which lie upstream from
the Stul site derived from the gene-proximal sequences that
were cloned on pMJ2.

No promoter activity had been detected when a linker of 30 bp
was present in the Stul site (pMJ42, Fig.23), or when cloned
sequences upstream from Stul were tested on their own (pMJ33,
Fig.23). It was therefore important to ascertain where the
transcriptional start site lay relative to the Stul site, as
it seemed that sequences to either side of the site were re-
quired for promoter activity. These apparently had to be cor-
rectly juxtaposed, since the presence of linker sequences in
pMJ42 had eliminated the functional ability of the promoter.

The S1 mapping technique (Berk & Sharp,1977; principle shown
in Fig.26a&b) determines where complementarity to specific RNA
transcripts cease on a cloned DNA. It does pnot a_priori reveal
a transcriptional start site or termiﬁator.

III1.8.1_ Isolati E A £ B. licl i £ s F .
btilisi 1s]

To establish when the B, licheniformis cells began secreting

subtilisin, MFJ29 was grown in modified Schaeffer's medium,
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and the medium monitored for exoprotease production.

In the skim-milk plate assay (II.9.1.1) samples taken after T3
gave halos of proteolysis upon overnight incubation, with a
large increase at T5. In the standard Azocoll assay nowever
(I1.9.12), the T6 samples showed no activity. At 20h of incu-

" bation (approx. = T15), -a value of 0.09 ASZO units was ob-
tained per ml supernatant. This was only c. half as high as the
exoproteolytic activity of B, subtilis reference strain MFJ93
cells grown in parallel.

Cells were thus harvested for RNA extraction during exponential
growth (at A450=1), at TG,and at T12.

Several methods of RNA extraction were tested. The convenient
guanidinium-CsCl method described in Maniatis et al (1982) p.
196, (but using mechanical abrasion of frozen cells in a mortar
with quartz grains) gave a poor yield, presumably due to inade-
quate cell lysis. Most recently, adaptations of this method to
Bacillus have been published. In one procedure, a prolonged in-
cubation with a high concentration of lysozyme was used (Paddon
& Hartley, 1986). In another, the cells were opened by passag-
ing twice through a French press (Ray & Haldenwang, 1986).

The method of Gilman & Chamberlin (1983) (II.6) gave high
yields (c. 500 Mg from 20 ml cells). Figure 25 shows the result
of a Northern Blot (II.8.4), where the RNA preparations were
probed with the 500 bp Stul-HindIII pMJ2 fragment (Figure 10b).

Subtilisin-specific mRNA was detectable only in the samples
from T12 (lanes 5 & 6). The transcripts in lane 5 were only
clearly visible after a longer exposure, and showed signs of
degradation, presumably due to the poor DNAasel preparation
that had been used. From the protease plate assay results,
specific transcripts had been anticipated at T6, but perhaps
MRNA levels were too low at that time to be detected by the
Northern blot method. '
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FIGURE 25

NORTHERN BLOT

MFJ29 total RNA preparations were probed with
nick-translated pMJ2/ Stul & HindIII 500 bp
fragment. RNA was extracted from cells harvested
at different stages of growth as described in
the text.

lane 1: exponential cells

lane 2: T6 cells

lane 3: A/ BstEII labelled markers

lane 4: pBR322/ Mspl labelled markers

lane 5: T12 cells, RNA treated with crude DNAase I
lane 6: T12 cells, RNA treated with Worthington

RNAase-free DNAaseI.

<- subtilisin-
specific
transcripts




The failure to obtain expression from plasmids pMJ33 and pMJ42
(IITI.7.4), had first led to expectations that the start site
for transcription would be situated relatively far from the
gene,;"and near the location of the rearrangements in pMJ2. By
comparison of the mobility of the subtilisin-specific mRNA
band with the DNA markers (Figure 25), which have been calib-
rated with other well-characterized mRNAs, a size of >1.2 but
<1.4 kb was estimated (Esper Boel, personal communication).

Since the transcription terminator could be guessed at (Figure
14; III.6.4), the initiation site seemed to be in the region
of the Stul site. The transcriptional start (and stop) sites
were consequently ascertained.

I1I.8.2 Locating the Transcriptional Start Site

The subtilisin Carlsberg transcriptional start was thought to
lie around the Stul site, from an estimation of the size of
subtilisin-specific transcripts found in B, licheniformis
(I1IX.8.1).

The principle of the Si-nuclease mapping technique is shown in
Figqure 26a&b. The 3 possible locations of a start site relative

to Stul and Aval are considered. The formal possibility of an
in vivo transcriptional initiation site 1lying further upstream
than Aval is included in Fig.26. This possibility had been ex-
cluded by the failure to bind to the Northern blot of 15-mer
NOR193, which corresponds to the sequence on the coding strand
adjacent to the Aval site (see Fig. 14). The fairly discrete
width of the RNA band which hybridized to the StuI-HindIII
probe (Figure 25) also argues against several distantly spaced
initiation sites.

In Figure 26(b) the broken line in each of the 3 cases depicts
the size of the 5'-labeled probe fragment of the coding strand
that will be protected from digestion by Si-nuclease in a mRNA
-probe DNA hybrid. It can then be visualized on denaturing gels
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FIGURE 26: MAPPING TRANSCRIPTIONAL START SITE BY
S1-NUCLEASE METHOD
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by autoradiography and its size compared with that of control

fragments.

Apart from Mael, which was not available when this experiment
was started, for the purposes of labelling a suitable probe, the
HindIII site in codon +36 was the closest, fully characterized,
and convenient restriction site downstream from Stul.

PMJI31A (Figure 24) was used to prepare the probe. HindIII-di-

gested pMJ31A was labeled by 2 standard methods. Kinase label-
ling (II.7.3) after phosphatase treatment (II.16), and label-
ling with T4 DNA polymerase (II.7.2.2) led to insufficient in-
corporation of counts into the DNA.

Satisfactorily high specific activity after labelling at the 3
end of the fragment was achieved by a different route, sugges-
ted by S. Hastrup (Figure 26c). Oligomers corresponding to the
sequence including, and immediately after the HindIII site were
synthesized. The 5' end of the oligomer representing the coding
strand (KFN146) was kinased to high specific activity with vy-
32P-ATP, the other (KFN 145) with cold ATP. The complementary
oligomers were annealed together (II.7.3) and ligated to the
HindIII digested pMJ31A.

Labelled fragments were isolated from gels (II.17) after Stul
or Asp718 digestion. The pUC18 Asp718 site was used in prefe-
rence to Aval as complete digestion (and hence good yields)
could not be obtained with AvaI. Asp718 digestion of pMJ31A
leads to an Asp718-HindIII fragment that is 6 bases longer on
the bottom strand than is the corresponding chromosomal Aval-
HindIIT fragment (Figure 24). Strand separation was not per-
formed. Hybridization to the T12 RNA, and S1-digestion were
carried out as described in (II.6). The hybridization tempera-
ture was 45°C; at higher temperatures no "protection" of
probe against S1 treatment was seen (not shown).

It is usual when “mapping" transcriptional start points to
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determine the site with an accuracy of a few bases. This is
done by running the products of chemical sequencing (II.14.1)
of the labelled probe beside the S1-digestion products on an
analytical denaturing gel (I1I.12.2, see next section). As the
StuI~-HindIII, and Asp718-HindIII fragments were respectively
555 and 674 bases long on the coding strand after ligation of
the labelled oligomer, this was not practicable. An attempt to
achieve a sequence “ladder" that extends so far up was a fai-

lure.

Figure 264 shows the result of the S1 analysis. From the
distance travelled by the marker fragments, which differ in
length by 119 bases, the size of the 2 strong protected bands
(shown with arrows) can be approximated. Mapped sites were es-
timated to lie respectively 49 and 63 bases downstream from
Stul, but it must be stressed that this is at best an approxi-
mation. The fact that these large protected bands show up dis-
cretely suggests that their end-points do indeed lie further
apart than the S1-generated "spread" of a few bases caused by
*nibbling*, that is often seen (Hentschel et al, 1980).This
suggests that there gre two transcripts of different lengths.

The estimated positions of P1, P2 are shown in Figure 14, and

lie near the promoter -10 regions postulated in III.6.3. They

lie about 60 and 46 bp resp. upstream from the first ATG codon
(Figure 14).

This result is in line for those obtained for cther Bacillus
genes: the B. subtjlis ISP-I, c-amylase, and B. stearother-
mophilus p-galactosidase transcriptional start sites are loca-
ted 44, 30,and 28 bases from their respective translation ini-
tiation codons (Koide et al, 1986; Lehtovaara et al, 1984; Hi-
rata et al,1986). In B, licheniformis B-lactamase, the start
site is found rather further away, viz. 166 bases from the
first codon (Mclaughlin et al, 1982).

In the case of the B, subtilis subtilisin gene, the two trans-
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cription start sites mapped 15 bases apart, and lie at the end
of the two "typical®" sigma-37 -10 regions that had been iden-
tified by sequence inspection (Fig 33; Wong & Doi,1984). They
lie respectively 19 and 33 bases upstream from the initiating
GTG codon.

Thus the subtilisin Carlsberg gene, in respect of multiple
promoter sites, their close apposition to the initiation codon,
and in including a region of dyad symmetry about the promoter
(I1.6.3, Figure 14), seems to resemble the homologous gene from
B.subtilis (Fig. 33). However, the determination of the trans-
criptional start site by another method gave results that con-
flict somewhat with these ( see below, Appendix 3, and Conclu-

sions).

It seems to be quite a common feature of highly regulated genes
to be transcribed from two different start sites. This was dis-
cussed fully in I.3.

Three options are available for determining the exact subtili-
sin Carlsberg start points, now that the approximate locations
of P1 and P2 are known:

(1) the N1aIII site lying 157 bp downstream from Stul (Appendix
'2; Fig.14, positions 414-417 ) could be labeled with synthetic

linkers as performed above. 'The S1 mapping could thus be repea-
ted and chemical sequencing ladders would reveal where protec-

tion against S1 digestion by mRNA ceases.

(2) Complementary DNA could be made with reverse transcriptase
on the mRNA starting with a 5'-labelled oligomeric primer syn-
thesized according to the coding strand sequence (Ghosh et al,
1978). Two labelled strands, differing in length probably by

about 10 to 15 bases, should be seen. Their lengths could be

determined by comparison with chemical sequencing ladders of a
known sequence. Alternatively, the cDNA could be isolated and
sequenced directly (This has in fact been carried out. The re-
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sults are shown in Appendix 3).

(3) The T4 DNA polymerase method of Hu & Davidson (1986) could
be applied. A single-stranded probe covering the coding strand
in the region upstream from the promoter is hybridized to mRNA.
Primed T4 DNA polymerase synthesis extends from a site upstream
only as far as the hybrid; it is blocked at the first nucleo-
tide of the mRNA. The length, or sequence, of the newly synthe-
sized strand is determined.

It is especially necessary to locate the transcriptional initi-
ation sites precisely, in order to help assign roles to the
palindromes in the promoter region (II1.6.3), and to extend our
knowlege of Gram-positive promoters.

ITT.8.3 Mapping the Transcriptional Terminator
Terminator mapping is based on the same principle as promoter

mapping (Figure 26b), but the problem is reversed. The coding
strand is labeled at its 3' end instead, and the size of the
labeled S1-protected fragment in the mRNA-DNA hybrid measured.
This is obviously determined by how far the mRNA extends in the
3' direction. ‘

A 152 bp BclI-BamHI fragment, which contains the 8 C-terminal
codons of the subtilisin Carlsberg gene was labeled at the BclI
site by" filling-out" with Klenow enzyme (II.7.2.1) and isola-
ted from pMJ26 after BamHI digestion (Fig. 17).

Hybridization at 66°C to MFJ29 T12 RNA, and S1 digestion
were performed as described in II1.6, and the protected fragment
was examined on an . 8% acrylamide-urea gel (II1.12.2).

Figure 27 shows the result of this analysis on a 20 cm. (Fig.
27a) and a 40 cm. gel (Fig. 27b). There was slight cross-con-
tamination from one track to another in the latter. A strong
diffuse protected band is seen (Figure 27, heavy arrow).
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FIGURE 27: LOCATION OF THE TRANSCRIPTIONAL TERMINATION

SITE

Autoradiographs of S1 digestion products on 8% dena-
turing gels. The probe was a 152 bp BclI-BamHI frag-
ment from pMJ26. The BclI site was labelled. The se-
quence of this fragment is shown alongside 27 (B) .The
terminator palindrome is shown with divergent arrows,
its axis with a cross. The termination site is shown
with small arrows.

(A) 20 cm. Gel (B) 40 cm. Gel
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By comparison with the (A+G) and (T+C) chemical sequencing
ladders obtained with the probe (II.14.1), it has a mobility
between those of the labelled fragments ending just before T
and G as indicated in the known sequence (see Figure 14), which
is displayed beside the gel . The width of this"band is about 2
nt, and is probably due to the ragged ends ("nibbling") common-

ly produced by Si1-nuclease (Hentschel et al, 1980).

The mobility of S1-digestion products (which have 3'-0OH ends)
must be corrected when compared with products of chemical clea-
vage (which have 3'-P ends). The absence of a phosphate group
reduces mobility by about 1/2 nt. The chemical products also
migrate faster relative to their enzymic counterparts as they
lack both the base and the sugar moeity of the base that is
*read" in the sequence. Thus an adjustment of 1.5 bases must be
made (Hentschel et al, 1980; Brosius et al, 1982).

When this is done, the limit of the protected fragment is found
to lie just at the distal end of the palindrome remarked on
previously (1I.6.4).

The "hairpin" structure that the DNA/mRNA may adopt thus indeed
functions as a transcriptional terminator. Such hyphenated re-
gions of dyad symmetry are typical of Gram-negative terminators
(Rosenberg & Court,1979; Holmes et al, 1983). From an inspec-
tion of several 3' gene flanking sequences, it seems that Bac-
illus terminators typically have a palindrome of 11 to 15 resi-
dues (Wells et al, 1983; Yang et al, 1984, 1986; Vasantha et
al, 1984; stahl & Ferrari, 1984), which is similar to E.coli.
In keeping with these observations is the demonstration that E.
coli terminators can be recognized by the Bacillus transcrip-

tional machinery (Peschke et al, 1985).

However, the subtilisin Carlsberg terminator, and at least one
other Bacillus terminator that has been mapped (Lehtovaara et
al, 1984), lack the other features of rho-independent E, c¢coli

terminators,such as a G-rich stem and a run of T residues
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immediately after the palindrome.

In contrast, transcripts do exd in a position corresponding to a

run of Ts immediately following a palindrome in one B.stearo-
""" thermophilus terminator that has been studied (Waye & Winter,

1986), and in a stretch of Ts forming the distal end of a pa-
lindrome from B. amvloliquefaciens (Kallio, 1986).
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I.9 Alternative Strate o) oning Genes with Stron
Promoters
Problems have been experienced in various organisms in the
cloning of genes that are either very™actively transcribed,
or whose product is lethal to the host.

In the former category, vector stability is presumably compro-
mised by the high level of transcription (Brosius, 19€4).Exam-
ples of such strongly transcribed genes include some from S,
aureus, which were successfully cloned in B, subtilis by chro-
mosomal integration, but not on multicopy plasmids (blaZ, Saun-
ders et agl9&1é&b;_gg, Fahnestock et al, 1986). The B, licheni-
formis B-lactamase from an overproducer could be cloned in B,
subtilis on a low copy plasmid, but not on pUB110 (Imanaka et
al, 1981).

An alternative to keeping the copy number of the cloned gene
low is to use a promoter weaker than the gene's own to stabi-
lize plasmid clones. Examples of successful application of such
a strategy in B, _subtilis are S, aureus spa (Fahestock & Fish-
er, 1986), and B. licheniformis ®-amylase (Sibakov & Palva,

1984; Sibakov, 1986a). A promoter down-mutation can also render
stable cloning possible where it previously had not been eg. S,
pneumoniae mal genes in E. coli (Stassi & Lacks,1982) and in B.
subtilis (Espinosa et al, 1984).

Placement of strong terminators downstream from the highly
expressed gene can enhance stability in E._c¢oli (Gentz et al,
1981).

Where a gene product is lethal to the host, various elegant
approaches have been successfully applied to either regulating,
or eliminating, phenotypic expression, and so making cloning
possible.
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For example, the lambda ¢lI gene could be cloned in E. coli
only when it was under the control of the repressed PL promo-
ter in a lambda lysogen (Shimatake & Rosenberg, 1981). The abi-
lity to regulate expression was also useful in the case of a
cloned vesicular stomatitis virus glycoprotein gene, which was
under trpE control. The clone was stable in g;ggf, but not in
derepressed trpR ™ cells (Rose & Shafferman, 1981).

Potentially toxic Bacillus spp.-derived genes have been cloned
instead as the suppressor-sensitive mutant allele (B, subtilis
spolIIAC in E. coli gggo strain: Yudkin, 1986) or as a Tn917-
insertionally inactivated copy (from an RNAase-negative trans-
position product)(B. amyvloliquefaciens extracellular RNAase
gene in E. coli: Paddon & Hartley, 1986).

In the case of the B. licheniformis subtilisin gene it was un-
clear why stable cloning of "upstream" sequences in E, coli was
problematical. The level of expression of the endogenous sub-
tilisin seen in the wt B, licheniformis host (III.8.1), and in
cloned, multicopy form in B, subtilis MFJ246 (III.7.5) suggest
that toxicity factors other than excessive promoter activity
may play a role. However, promoter-proximal sequences had un-
doubtedly been lost in the cloning process (see Conclusions).

It would in any case have been desirable to be able to either
insertionally inactivate the gene in B, licheniformis, or oth-
erwise alter it in vitro, prior to (re)-cloning in E, coli, or
B. subtilis, possibly with the help of strong terminators (see
IVv.6.1,-6.2 & -6.7 for a full discussion of the chromosomal
manipulations involved).

As the gene coding sequences were available, and the mechanisms
involved are well understood for B, subtilis, these options
were in theory open, assuming that interaction between chromo-
somal and incoming homologous sequences takes place in B, lich-
eniformis in similar fashion.
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Hybrid plasmids carrying intact or jin vitro modified subtilisin
sequences, but which are unable to replicaté in B.lichenifor-
mis, could be targeted to the chromosomal locus, and integrated
there (Niaudet et al,1982; Ferrari et al,1983). Appropriate jin
vivo recombinations, or in vitro excision of sequences inclu-
ding the integrated plasmid, followed by propagation in E. coli,
would respectively yield a strain with an inactive subtilisin
gene or a plasmid clone carrying the desired sequences.

The targetting, integration excision approach has been success-
fully applied to the cloning of the gvrA gene, terl and B,sub-
tilis subtilisin flanking sequences (Lampe & Bott 1984; Smith
et al, 1985; this thesis, IV - resp.).

However, since in my hands transformation of B, licheniformis
was not successful (see Appendix 4), these approaches were
abandoned in favour of the development of an integrable, sensi-
tive} promoter-cloning vehicle for B, sybtilis, pMJ50. This is
described below, and is of general applicability provided that
species-specific factors are not required for detectable pro-
moter activity.

A recent report describes the construction of a similar system,
but using phage 8105 as the vector, and a promoterless amylase
gene (Seki et al, 1986).

II1.9.1 Construction of pMJISQ, the Promoter Cloning Vector
This approach involved the synthesis of a plasmid carrying a

Gram-negative origin of replication, a selective marker which
could be expressed in both E, coli and B, suybtilis, a promo-
terless gene preceded by a unique cloning site, whose gene
product is easily screened for in B, subtilis, whose expression.
is dependent only on the activity of a promoter which can be
inserted at the unique site and, a B. _sybtilis-derived gene was
included to provide homology with the chromosome and thus tar-
get the nonreplicable pla;mid to an integration site. As a pre-
caution strong E, coli transcriptional terminators were cloned
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behind the promoterless gene.

The resulting plasmid, pMJS50, is depicted in Figure 28. Note
the stop codons in all 3 reading frames before the xynR RBS.
(Not all restriction sites are shown).

The component parts of the plasmid were derived as follows. The
ori was derived from pBR322. The CAT gene served as selective
marker for B. subtilis transformation. The xylosidase gene of
B. pumilus from which the promoter had been removed leaving a
unique ClaI cloning site was kindly provided by Sven Hastrup.
The homologous subtilisin gene was used to allow integration
into the chromosome. The E, coli 5SRNA, which is followed by 2
strong terminators, which also function in B, subtilis, was
utilized.

To facilitate the construction, a pUC18 derivative (pMJ43) with
(inter alia) ClaI and Stul sites in the polylinker was used.Af-
ter linearization with Clal and Stul, the vector was treated
with phosphatase to reduce recircularization (II.16).

Plasmid pMJ15 (IV, Fig.36a) was modified by filling out the
unique Clal site located between subtilisin and CAT genes to
permit isolation of a BamHI-Accl fragment from the modified
pMT15[c1az].

After ligation of the 4 fragments indicated in the diagram, E.
coli competent cells were transformed and ApR transformants
selected. These were replica-plated onto fresh Ap and Cm plates
containing repectively 100, and 6 Pg/ml of antibiotic. A high

proportion of transformants were CmR.

Plasmid was extracted from several such c¢olonies and the con-

struction verified with 5 different restriction enzymes as that
indicated in Fig.28. )
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FIGURE 28: STRUCTURE OF pMJ50, AN INTEGRATIVE, SINGLE
COPY PROMOTER CLONING VECTOR

P MJ 50
8.7kb

/N
—/
D SO N |
3

(C]

xynB B.pumilus xylosidase gene (promoterless)
on ClaI-NsiI fragment from pPX?7

T1T2 E.coli 55 RNA gene and terminators

on 650bp PstI-BamHI fragment from pSxé68
CAT chloramphenicol transacetylase gene
SUB B.subtilis subtilisin gene

CAT & SUB on 3.6kb [AccI] -BamHI fragment
of pMJ15 [Clai]

PMJ43 moeity= pUC18 derivative with altered
polylinker. Linearized with Stul and ClaI.

C Clal unigue promoter cloning site
B BamHI

(X] filled-out site X

N/P Nsil/Pstl junction

s/(A) Stul/ | AccI) junction

SEQUENCE DOWNSTREAM FROM UNIQUE Clal SITE SHOWING
STOP CODONS BEFORE xynB INITIATION CODON (S. Hastrup)

ClaIl
ATCGATCATATGGATGATTTTAAAATGTAGGTCGTGAAAGAGGAGGAAGTTGAATG

XynB
+1



I171.9.2 Testing pMJ50 by Cloning a Characterized Promoter
Fragment into the Clal Site

Xylosidase is produced by B. subtilis wt only in response to
the presence of its substrate xylose. A B, subtilis mutant has
been constructed which has a 4 bp deletion in xynB, and in
which xylosidase activity consequently cannot be induced (SHa28
= MFJ210).

Xylosidase production in cells growing on a plate can be detec-
ted with a very sensitive fluorescent probe MUX, which is spray
ed on to the cells (II.9.2).

MFJ210 cells transformed with pMJ50 (CmR selection) should not,
and do not, display a Xyl+ phenotype. Recombination between the
defective B, subtilis host xynB gene (which nonetheless has a
functional promoter) and the plasmid-borne B, pumilus xvnB,
which lacks a promoter, is unlikely to occur since insufficient
homology exists between these genes. No conversion of the Xyl™
MFJ210 to a Xyl+~phenotype has been observed among the several
thousand pMJ50 transformants screened.

The copy number of pMJ50 should be one, or close to one, per
chromosome, especially if the antibiotic pressure is removed
after establishment of the transformants. Loss of the integra-
ted plasmid should not occur (Yang et al, 1986; Janniere et al,
1985). If a promoter is cloned into the Clal site of pMJ50, ex-
pression of xylosidase will depend on the characteristics of
that promoter.

The G-amylase promoter was used to test the pMJ50 system. Non-
induced expression of xylosidase would thus be expected in
stationary phase (III.7.3).

The c¢. 180bp B, stearothermophilus c-amylase promoter was iso-
lated from pMJ32 (see Fig. 18). The plasmid was linearized at

the EcoRI site, the ends filled out and Clal linkers ligated
on. Digestion with Clal thus freed the promoter from the rest
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of the plasmid on a small ClaI-ended fragment. The digestion
mixture was ligated to pMJS50 that had been linearized with
ClaI. E. coli MFJ233 cells were transformed, and plasmid was

R transformants (this passage through

prepared from total Ap
E. coli was performed in order to generate covalently closed,
circular, amplified, DNA for the relatively inefficient inte-
gration step). This DNA was used to transform MFJ210. Cm6R
transformants were sprayed with MUX and visualized under UV
light. B. subtilis wt (on plates +/- xylose) and MFJ210(pMJS50)
served as controls. Negatives (wt)} MFJ239 = MFJ210(pMJ50); most
of the transformants) appeared yellow. The positives (wt on
xylose, a few MFJ210 transformants) appeared as blue fluores-
cent colonies. One such Xyl+ transformant (MFJ240) was reiso-
lated (in the absence of Cm, in order to lower copy number to

c.1).

MFJ240 was checked to ascertain whether the xylosidase activity
detected in the MUX assay was due to recombination of pMJ50 with
the defective xynB locus, which could result in a functional xynB
gene, or due to the cloning of the d—amylase promoter in front

of the XynB promoterless gene, as intended.

If recombination within xynB had taken place, the xylosidase
activity would be dependent on xylose induction, and be detec-
table during vegetative growth, as it is in the wild-type (cf.
Fig. 22; kinetics of xylosidase induction in MFJ93). If, on the
other hand, the cloned amylase promoter was responsible for the
XY1+ phenotype of MFJ240, the xylosidase activity would be
expressed (only) in stationary phase, even in the absence of
Xylose.

The Xyl+ MFJ240 transformant was consequently grown in L

Broth in the presence of, and absence of 0.2% (w/v) Xylose.Sam-
ples of culture were taken regularly and assayed for xylosi-
dase activity with PNPX (II.9.2). As a control, the Xyl~

MFJ239 = MFJ210(pMJ50) was treated in parallel. The results
(Fig. 29) show unequivocally that xylosidase activity, regard-
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FIGURE 29: XYLOSIDASE GENE COMES UNDER CONTROL OF
PROMOTER CLONED INTO UNIQUE ClaI SITE OF INTEGRATIVE
PROMOTER CLONING VECTOR pMJ50

The cells were inoculated 1:100 from a fresh LBroth
overnight culture and grown in LBroth with or with-
out 0.2% xylose. Samples were taken and assayed for
xXylosidase gctivity with PNPX (see II.9.2), for 1.5
hours at 37°C, at various times as indicated.
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less of the presence or absence of xylose, is observed only in
stationary phase with MFJ240. The control MFJ239 displays no
xylosidase activity under any of the conditions tested. The
small amount of colour formation in the 24 hour samples may be
attributed to degradation of PNPX by other enzymes, or by spon-
taneous breakdown of the substrate.

It has not yet been confirmed by Southern hybridization that
integration of pMJ50 was at the subtilisin locus, and that co-
py number was close to 1, but experience with similar plasmids
make it most likely (IV).

It was concluded that pMJIS50 indeed performs as intended, and
can be used as a single copy promoter cloning vehicle.

The plasmid could be improved upon: the frequency with which
integrants were obtained was rather low.'For example, a ts ori-
gin of replication to allow plasmid establishment in the cell
prior to integration (Prozorov et al, 1985), might be benefi-
cial. The E. _coli passage could then possibly be dispensed with.

While it is not certain that the difficulties in cloning the
sequences upstream from the B, licheniformis subtilisin gene
were due to strong promoter activity, pMJ50 might be useful for
cloning the promoter-proximal region which could not be isola-
ted in this study (cf. III.5). The upstream DdeI-EcoRI 0.9 kb
fragment (Fig.11b) would be a candidate for cloning in pMJ50
with the help of ClaI linkers.
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Chapter IV: Cloning 3 Gene for Subtilisin NOVO/BPN' and

eneration . subtilis Subtjlisi e an
V.1 Wh he Gene x btilisin BPN' was ne
The cloning of this gene was undertaken for several reasons.
There was the then outstanding question of subtilisin's role in
gsporulation to be resolved (see I.2.2.4). Modification of the
properties of the enzyme has been a goal for many academic and
commercial groups (see I1.2.2.3 & -4).

However, the main motivation here was to use the cloned gene,
altered in vitro, to generate a defined subtilisin deletion
mutant of B, subtilis (specifically, of the Novo lLaboratories'
reference strain DN497 = MFJ93). This would be one step towards
creating a well-defined low-protease producing host which could
be used for the synthesis of foreign gene products. An attempt
to make such a mutant had been carried out in these laborato-
ries using the cloned subtilisin gene from B, amvloligquefaciens
but had failed (personal communication,.B. Diderichsen). The
85% homology that exists between the subtilisin coding sequen-
ces from the 2 strains (Wells et al, 1983) apparently was. in-
sufficient for the required recombinational events to occur.
The fully homologous gene had thus to be cloned.

At the time the work was embarked upon, reports of the cloning
of the B. amvloliquefaciens gene were available (Wells et al,
1983; B.Diderichsen, personal communication), and there had
been mention of the cloning of the B. _subtilis gene, though its
sequence had not yet been published (Wells et al, 1983). It was
becoming clear that the cloning of the subtilisin gene from B,
licheniformis was not following the Straightforward progress in
my hands that others had experienced with other Bagillus spp.,
S0 it was decided to clone the gene from B, subtilis.

Note: While it is clear that B. subtilis 168 synthesizes an

Amylosacchariticus enzyme (Fig.1), this will be referred to
here as NOVO/BPN' type. The enzyme belongs to the BPN' immu-
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nological group, and has one additional AA at position +56,
compared with the Carlsberg-type enzymes (seg.also I.2.2.1).

IV.2 outline of Cloning Strategy

As described below, specific fragments were identified in Sou-
thern blotting experiments, and cloned on a high copy number
plasmid in E., ¢oli. Colonies were screenéd with a specific
probe. The cloned fragment was transferred to a Gram-positive
vector, then transformed into B, subtilis, where the cloned
subtilisin gene was expressed.

V.3 Cl LM ing: sel , ¢ subtilisin=s £
EFragment for Cloning

Chromosomal DNA was prepared from B, _subtilis MFJ93 and diges-

ted with enzymes for which cloning sites existed in the Gram-

positive and -negative vectors that were readily available .

Iv.3.1 Use of Heterologous Probes
In an initial blotting experiment, DNA from B, subtilis and B,

licheniformis was probed with a fragment from the cloned B,
amvloligquefaciens subtilisin gene (kindly donated by Bg¢rge Di-

derichsen). As the hybridizing fragments in the B. lichenifor-
mis digests were of similar size to those previously identified
using the Carlsberg-specific oliqomers, it was clear that the
homology between the 3 strains was great enough to allow the
use of either a B, amvloliquefaciens- or a B, licheniformis-
derived subtilisin fragment to probe for the B, subtilis sub-
tilisin. In later experiments these fragments were used inter-
changeably (3ee Fig. 30a).

B, amyloliguefaciens is more closely related to B. subtjlis

than is B, licheniformis: at any rate, with respect to GC con-
tent and the type of subtilisin the strain secretes (Marmuret al,

1963; Welker & Campbell, 1967; Keay & Moser, 1969). The situa-
tion is, however, reversed with respect to a-amylases. amyL and
amyA are homologous, but unrelated to the amylase of B. subti-
iis (Gray et al,1986). It had been mentioned in Wells et al
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(1983) that the B, subtilis and B. amyloliguefaciens subtilisin
genes show c. 85% homology throughout the coding sequences,
including the pre-pro region.

An upstream fragment from the B. amyvloligquefaciens clone was
used as a "5' probe". This ClaI 1.5 kb fragment is indicated in
Fig.30a and covers a large region upstream, the prepro-, and
mature sequences up to the codon for AA +35. It thus carries
approximately 26% subtilisin coding sequences. However, when
the fragment was tested in hybridization against similar a-
mounts of B, amyloliguefaciens and B, subtilis DNA, the signal
from the latter was disproportionately weak, and the use of
this probe was abandoned.

This was surprising in the light of the information given ab-
ove, and probably accounts for the failure to obtain a subti-
lisin deletion mutant in B, subtilis using material from this
B, amyloliquefaciens clone. Southern blotting revealed that
this clone differed in many respects from- -that reported by
Genentech (Wells et al, 1983), including the relative disposi-
tion of EcoRI, BamHI, Clal and Pvull sites around the gene
(data not shown). These differences must be attributed to B,
amyloliquefaciens strain variation. The cloned fragments uti-
lized here were shown to correspond to the chromosomal sequen-

ces by restriction mapping.

V.3.2  Prelimi l 1M
With the first blot it was established that while EcoRI and
Clal alone gave probe-specific fragments of 6.9 and 3.5 kb
respectively, a double digest showed only a 2.6 kb fragment,
thereby establishing the close proximity of EcoRI and Clal to
a gene of estimated size around 1.5 kb.

Attention was therefore focussed on double digests of each of
these 2 enzymes in combination with another, and a provisional
restriction map was built up. It was then tested with the ap-
propriate combinations of other enzymes. A schematic repre-
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FIGURE 30:

RESTRICTION MAPPING THE B.

subtilis

SUBTILISIN LOCUS

(A) HETEROLOGOUS PROBES

Cla I
L

The size, in bp, of each fragment is shown,
as well as the region of the polypeptide it

encodes (AA number) .
ECoR I Bel I
1500 Cla I 7°oBcl T = - : 500 )
' — ._amyloliquefaciens — B. licheniformis
AA+35 AA+266 AA+96 AA+266

(B) RESULTS OF SOUTHERN ANALYSIS

Size of specifically

ENZYMES
hybridizing fragments (kb)

Sph I ver

EcoR I g.;arge

Cla I 3.5

Bcl I 4.2

Pvu II 3.1

Hind III 1.1

ECoR I + Sph I
EcoR I + Cla I
Cla I + Pvu II
EcoR I + Pvu II
Hind III + Pvu II

+ 0.4 (faint)

Furthermore,
the EcoR I fragment was not cut by BamH I, Pst I or Sal I

the Cla I fragment was not cut by BamH I,
the Hind III fragment was not cut by EcoR

Pst I,
I, Cla I, or Bcl

(C) RESTRICTION MAP OF SUBTILISIN LOCUS

Sal I or BclI

I

These results were combined to give the following coherent map

1 kb

== approximate probe target
—— fragment to be cloned
) E H P g O S
ke -k 1 T SR (N CES 1
kb 0 = ~ 5.3

Note: The Bcl I sites were not placed. The relative positions of
the Hind III sites with respect to Pvu II were not certain, but
the relative intensity of the small Pvu II-Hind III bands as well
as the fact that only one band is seen with Cla I + Pvu II was

suggestive.



sentation of all the results, together with the deduced map is
shown in Figs.30b & c resp.

- The fact that Pvull evidently cut within the area covered by
the probe fragments, anﬁﬂthe distance from ClalI, and EcoRI, to
Pvull meant that the ClaI-EgQRI 2.6 kb fragment chosen to be
cloned could carry sequences long enough to include the whole
gene regardless of whether the larger portion of the probe an-
nealed to the right of the Pvull site, rather than to the left
as it has been drawn in Fig. 30c. The relative intensities of
the 2 Pvull-HindIII fragments, and the fact that ip the Clal &
PvulIl digestion only a 2.7 kb band was seen, account for the
positions of the HindIII sites, and the probe target area rela-
tive to Pvull being assigned as in Fig. 20c.

3. i) f ¢ ~loni L 3
The procedure is shown diagrammatically in Fig. 31a.
DNA fragments: B. subtilis MFJ93/ClalI&EcoRI 2.6 kb fraction.
Vector : PBR322/Clal & EcoRI (ClaI-PstI-EcoRI)

The chromosomal DNA was size-fractionated twice in order to
enrich for the desired sequences: 200 B9 DNA was digested with
EcoRI after which a fraction around 7 kb was isolated. Once
these fragments had been purified and digested with Clal, frag-
ments of approximately 2.6 kb were isolated. The size-fractio-
nation was performed on 1% low melting temperature agarose
gels. About 20 pg of DNA was loaded per slot, and the gels run
slowly at 30V overnight. DNA was extracted from agarose by phe-
nol extraction in 0.5 M NaCl of the melted gel after 1-fold di-
lution with TE buffer.

The survival of probe-hybridising sequences was monitored
throughout the work-up and the yield estimated to be about 3

pg DNA, of fragment size 2.3-3.5 kb.

To eliminate background transformation by non-recombinant plas-

mid, the pBR322 vector DNA was prepared as two fragments, which
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FIGURE 31: CLONING OF B. subtilis SUBTILISIN GENE

(A) CLONING PROCEDURE

EcoR I Cla 1

-

2 B subtilis
-~ ==—————=—u Chromosomal DNA
-

pBR3I22

=—=—=EcoR I kb
fraction
I3

EcoR I- Cla I

/ 2.6kb fraction

PBR322 -
fragments

transform E. coli

|

screen colonies with oligomeric probes

(B) HYBRIDIZATION -POSITIVE COLONIES

All the colonies that hybridized to probe

were found to contain the cloned 2.6kb sub-
tilisin fragment.

(C) SUBTILISIN CLONE pN47.11

- BR32 Jw

C B subtitis 26kb E=S subtiisin coding se quence:



would only be able to circularize during ligation by the in-
clusion of a donor fragment (Fig. 31a). Consequently, 2 equal
portions of pBR322 DNA were digested with PstI & ECORI, Psil &
.Clal and the 752 bp (PstI & EcoRI) and 3586 bp (PsiI & Clal)
fragments isolated on agarose gels and electroeluted.

Approximately equal amounts of donor and vector DNA were 1li-
gated, and MFJ92 competent cells transformed. 10 of the 2600
transformants obtained were picked at random. Plasmid DNA was
prepared from them and restriction digestion with PstI, using
pBR322 as a control, showed that at least 3 were recombinants.

Iv.3.4 Results of Screening for Subtiljisin Clones
The transformants were screened by colony hybridization. Ap-
proximately 1000 ctolonies were picked out in a grid on fresh

plates, 100 per plate, and replica-plated. Colonies from one
plate of each pair were transferred to Whatman nr. 540 filters
and processed as described in II.8.2. A satisfactorily low
background could not be achieved in my hands using the hetero-
logous subtilisin gene fragments that had been labelled by
nick-translation as probes. Instead, kinased oligomers that
had been used to screen for the B.amvloligquefaciens gene (by
B.Diderichsen), were used. The oligomer mix was as shown below
and corresponds to all permutations for the coding strand from
a position corresponding to AA+117 to +121:

A

51 ACGTCCATéTTéTT -3

This would have a T of 34-40°C. An incubation and wash temp-
erature of 28°C was shown to give good results both using the
B. amvloliguefaciens clone as a control in colony hybridization,
and in Southern blotting with B, subtilis DNaA.

Seven positive colonies were identified among the transformants

with the oligomer (e.g.Fig.31b) and rechecked in colony hyridi-
zation As positive controls the B. amvlolicuefaciens clone in

both a dam’ E. coli strain, and dam MFJ92 cloning host was
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used. The B. licheniformis clone in the dam~ MFJ92 host served

as a negative control.

This showed clearly that the signal from plasmid in the dam
host was poorer than from the ggmf wild-type (not shown). 24h
amplification on chloramphenicol was essential for any signal to
be seen at all from the mutant. Had I been aware of this at the
outset such a strain would not have been used as the cloning
host. Presumably the poor hybridization is due to inadequate
lysis. There are anecdotal reports of poor plasmid yields from
dam~ strains which could also be attributed to poor lysis. In
my hands though, plasmid yields from ggg+ and dam strains are
comparable. Upon rechecking, the seven transformants were again
positive. Plasmid was prepared from all seven and analysed in

restriction digests.

Five of the seven were identical, and restriction patterns con-
fdrmed exactly to what had been deduced from Southern blotting
experiments. The two remaining clones contained, in addition to
the desired subtilisin fragment, other fragments.

The location of the 2 HindIII sites relative to PvulIl was de-
termined by excision of an ECORI-PvulI band followed by HindIII
digestion and determination of the sizes of the PvuI-HindIII
products. Neither of the 2 B¢lI sites that could not be located
on the chromosomal map was found to lie between EcoRI and Clal
(data not shown). One clone, containing pN47.11, was chosen for.
further experiments. A map of this plasmid is shown in Fig.31c.

1V, 4 , ] btili 93 Subtilisin ¢
Iv.4.1 Seguencing Strategy & Results

The sequencing strategy is illustrated in Fig. 32a.

The plasmid pN47.11 was cut with HindIII and the ends labelled
by filling out with Klenow enzyme as described in II.7.2. After
EcOoRI and Pvull digestions respectively, the 1100 bp HindIII-

ECORI, and 700 and 400 bp HindIII-Pvull fragments were isolated
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FIGURE 32
PARTIAL SEQUENCE OF SUBTILISIN BPN GENE

— bases read

(A) STRATEGY

(B) RESULTS

@
H
=

+65
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+53

-

]

H = Hind IIT R = EcoR I P = Pyu II C =
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|
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cloned in pN47.11
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on 1.5% agarose gels.

Maxam and Gilbert sequencing reactions were carried out as des-
cribed in II.14.1, and the products analysed on denaturing 8%

and 20% gels (II.12.2).

In Figure 32a the number of bases read with certainty from the.
gels is indicated. Figqure 32b shows part of the autoradiograph
of a 20% gel covering the region of the 1100 bp fragment coding
for Ile+35 to Arg+45. Read from top to bottom, the sequence on
the non-coding strand is obtained. Also shown in the figure is
the region of the 700 bp fragment corresponding to the coding
strand for Ser+53 to Gly+65 (from bottom to top).

These assignations were made by comparison with the published
amino acid sequence (Markland and Smith, 1971). The proximal
HindIII site was thus shown to lie between codon +48 and +49.

IV.4.2 cComparison of the Clone with Othexrs from B.subtilis;

dentifl ion of Up- wns
Shortly after these sequences were obtained, the sequence of
the entire cloned gene of B, _subtilis 168 was published (Stahl
& Ferrari, 1984). Their sequence is shown in Figure 33. Those
bases I had determined (from codon +26 to +83) (boxed in Fig.
33) proved to be identical to their sequence. As indicated in
the figure , there is a Pvull site in codon +273, ie.673 bp
from the proximal HindIII site. From chromosomal mapping and
analysis of clone pN47.11 the longer HindIII-Pvull fragment
had been estimated to be 700 bp, which agrees very well. In
addition, the only Accl site(s) in the subtilisin moeity of
PN47.11 was at a position consistent with the closely spaced
Accl sites shown in Fig.33.

Just prior to publication of the above-mentioned paper, Wong et al
(1984) reported the sequence of a cryptic B, subtilis HindrIi:
1.25 kb fragment which showed stationary phase promoter acti-
vity in combination with a promoterless CAT gene. This sequenée
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FIGURE 33: SEQUENCE OF THE SUBTILISIN GENE OF
B. subtilis 168

From Stahl. and Ferrari (1984)

1 GATATACCTAAATAGAGATAAAATCATCTCAAAAAAATGGGTCTACTAAAATATTATTCCATCTATTACAATAAATTCACAGAATAGTCTTTTAAGTAAG
p p =
-10 -100 O
‘. fMet Arg Ser Lys Lys Leu Trp Ile Ser Leu Leu Phe Ala Leu Thr Lev
101 CTACTCTGAATTTTTTTAAAAGGAGAGGGTAAAGA GTG AGA AGC AAA AAA TTG TGG ATC AGC TT6 TTG TTT GCG TTA ACG TTA
T YT T e T s0 -70 *

[le Phe Thr Met Ala Phe Ser Asn Met Ser Ala Gln Ala Ala Gly Lys Ser Ser Thr Glu Lys Lys Tyr Ile Val
185 ATC TTT ACG ATG GCG TTC AGC AAC ATG TCT GCG CAG GCT GCC GGA AAA AGC AGT ACA GAA AAG AAA TAG ATT GTC

~60 -50
Gly Phe Lys Gin Thr Met Ser Ala Met Ser Ser Ala Lys Lys Lys-Asp Val Ile Ser Glu Lys Gly Gly Lys
260 GGA TTT AAA CAG ACA ATG AGT GCC ATG AGT TCC GCC AAG AAA AAG GAT GTT ATT TCT GAA AAA GGC GGA AAG

o<
-t
-

-40 O -30 -20
Gin Lys Gln Phe Lys Tyr Val Asn Ala Ala Ala Ala Thr Leu Asp Glu Lys Ala Val Lys Glu Leu Lys Lys Aso
335 CAA AAG CAA TTT AAG TAT GTT AAC GCG GCC GCA GCA ACA TTG GAT GAA AAA GCT GTA AAA GAA TTG AAA AAA GAT

-10 -1 1 10
Pro Ser Val Ala Tyr Val Glu Glu Asp His Ile Ala His Glu Tyr Ala Gln Ser Val Pro Tyr Gly Ile Ser GIn
410 CCG AGC GTT GCA TAT GTG GAA GAA GAT CAT ATT GCA CAT GAA TAT GCG CAA TCT GTT CCT TAT GGC ATT TCT CAA

20 30 37
Ile Lys Ala Pro Ala Leu His Ser Gin Gly Tyr Thr Gly Ser Asn| Val Lys vVal Ala val Ile Asp Ser Gly Ile
485 ATT AAA GCG CCG GCT CTT CAC TCT CAA GGC TAC ACA GGC TCT AAC|GTA AAA GTA GCT GTT ATC GAC AGC GGA ATT

0 *j 1Y 501

Asp Ser Ser His Pro Asp Leu Asn Val Arg Gly Gly Ala¥Ser Phe Val Pro Ser Glu Thr Asn Pro Tyr GIn Aso |

S60 |GAC TCT TCT CAT CCT GAC TTA AAC GTC AGA GGC GGA GCA_AGC TTYC GTA CCT TCT GAA ACA AAC CCA TAC CAG GAC
X

L1 7O 119

Gly Ser Ser Mis Gly Thr His Val Ala 61y Thr [le Ala Ala Leu Asn Asn Ser [le Gly Va) Leu Gly| val Ser

635 |GGC AGT TCT CAC GGT ACG CAT GTA GCC GGT ACG ATT GCC GCT CTT AAT AAC TCA ATC GGT GTT CTG GGC| 6TT AGC

90 100 110
Pro Ser Ala Ser Leu Tyr Ala Val Lys Val Leu Asp Ser Thr Gly Ser Gly Gin Tyr Ser Tro Ile Ile Asn Gly
710 CCA AGC GCA TCA TTA TAT GCA GTA AAA GTG CTT GAT TCA ACA GGA AGC GGC CAA TAT AGC TGG ATT ATT AAC GGC

120 130
[le Glu Trp Ala Ile Ser Asn Asn Met Asp Val Ile Asn Met Ser Leu Gly Gly Pro Thr Gly Ser Thr Ala Lev
785 ATT GAG TGG GCC ATT TCC AAC AAT ATG GAT GTT ATC AAC ATG AGC CTT GGC GGA CCT ACT GGT TCT ACA GCG CTG

130 150 160
Lys Thr Val val 2,z .ys Ala Val Ser Ser Gly Ile Val Val Ala Ala Ala Ala Gly Asn Glu Gly Ser Ser Giy
860 AAA ACA GTC 577 530 ~AA GCC GTT TCC AGC GGT ATC GTC GTT GCT GCC GCA GCC GGA AAC GAA GGT TCA TCC GGA

170 180
Tyr Pro Ala Lys Tyr Pro Ser Thr [le Ala Val Gly Ala Val Asn Ser Ser Asn G1n

Ser Thr Ser Thr val Gly
GGC TAC CCT GCA AAA TAT CCT TCT ACT ATT GCA GTA GGT GCG GTA AAC AGC AGC AAC CAA

935 AGC ACA AGC alA GTC

190 200 210
Arg Ala Ser Phe Ser Ser Ala Gly Ser Glu Leu Asp Val Met Ala Pro Gly Val Ser lle Gln Ser Thr Leu Pro
1010 AGA GCT TCA TTC TCC AGC GCA GGT TCT GAG CTT GAT GTG ATG GCT CCT GGC GTG TCC ATC CAA AGC ACA CTY CCT

220 221 230
Gly Gly Thr Tyr Gly Ala Tyr Asn Gly Thr Ser Met Ala Thr Pro His Val Ala Gly Ala Ala Ala Leu Ile Lev
1085 GGA GGC ACT TAC GGC GCT TAT AAC GGA ACG TCC ATG GCG ACT CCT CAC GTT GCC GGA GCA GCA GCG TTA ATT CTT

240 250 260
Ser Lys His Pro Thr Trp Thr Asn Ala Gin Val Arg Asp Arg Leu Glu Ser Thr Ala Thr Tyr Leu Gly Asn Ser
1160 TCT AAG CAC CCG ACT TGG ACA AAC GCG CAA GTC CGT GAT CGT TTA GAA AGC ACT GCA ACA TAT CTT GGA AAC TCT

270 B

Phe Tyr Tyr Gly Lys Gly Leu Ile Asn Val Gin Ala Ala Ala GIn OC
1235 TTC TAC TAT GGA AAA GGG TTA ATC AAC GTA CAA GCA GCT GCA CAA TAA TAGTAAAAAGAAGCAGGTTCCTCCATACCTGCTTC
—

X <—-
1318 TTTTTATTTGTCAGCATCCTGATGTTCCGGCGCATTCTCTTCTTTCTCCGCATGTTGAATCCGTTCCATGATCGACGGATGGCTGCCTCTGAAAATCTTE
-

1418 ACAAGCACCGGAGGATCAACCTGCTCAGCCCCGTCACGGCCAAATCCTGAAACGTTTTAACACTGGCTTCTCTGTTCTCTGTC

Sigma-37 =10, =35 regions under/overlined (Wong et al
BOXED SEQUENCE determined from pN47.11 1984) .

0,6 x denote the endpoints of deletions mentioned in the text-

O apra3 Kawamura & Doi (1984) A Acc I
® apr-684 Stahl & Ferrari (1984) H HBind“III
X aprMFJ157 This thesis P PyusiE

W In vivo & in vitro transcriptional start sites

- = (S1 mapping, Wong & Doi,1984) -
palindrome



subsequently proved to be the promoter-proximal half of the
subtilisin gene, and was identical to the corresponding portion
of Stahl and Ferrari's clone. By deduction, most of the Wong
sequences should also be present on clone pN47.11 (see below).

Having pinpointed the proximal HindIII site by sequencing, it
is clear that sequence data obtained from the distal HindIII-
PvuIl 400 bp fragment must lie well downstream of the gene (see
Fig. 32a). There was no open reading frame covering the whole
of the 127 bp obtained on either strand, and it showed no stri-
king features such as AT- or GC-richness, repeats, hairpins
etc.

Having oriented the gene on the clone, and found it to be appa-
rently identical to the 2 clones mentioned above, no further
sequencing was undertaken.

When the entire cloned fragment from pN47.11 was used to probe
a chromosomal HindIII digest, three hybridizing bands are seen
(Figure 38). -

The 1.1 kb fragment, the target for the heterologous and oligo-
meric probes used before is of course present. In addition,
there is a slightly larger band which must correspond to Wong
et al's 1.25 kb promoter-proximal fragment. The third band at
2.3 kb must accordingly be the downstream fragment, which one
would expect to see on account of the overlap of clone pN47.11
with the distal HindIII site (see Figure 32a).

There was the possibility that this represented incomplete
HindIII digestion (i.e.1.1 kb + 1.2 kb = 2.3 kb). In later
experiments this was shown not to be the case. The upstream
HindIII site was later cloned together with approx.1.4 kb of
DNA flanking the pN47.11 clone in chromosomal integration/ex-
cision experiments in B, subtjlis and subsequent recloning in
E. coli, and shown to lie approx. 150-200 bp from the EcoRI
site, as expected (pMJ22), confirming that the c.1.2 kb HindIII
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band lies upstream.

As further sequencing seemed unnecessary in view of the coin-
cident publication of the sequences cited above and the appa-
rent identity of these with the pN47.11-carried gene, expres-
sion experiments, and the generation of a subtilisin deletion
mutant of B. subtilis were undertaken directly.

IvV.5 Expression of the Cloned Gene in B, subtilis

IV.5.1 Recloning on a Gram-Positive Vector

The 2.6kb ClaI-EcoRI fragment carrying the gene and about 600bp
upstream was recloned on p1050, a pBD64 derivative of B. Dide-~
richson. It was inserted between adjacent EcoRI and Clal sites
in the vector polylinker. To facilitate the cloning,.the vector
was supplied in two individually isolated fragments (EcoRI-
BglI; BglI-Clal; see Fig.34a). The resulting plasmid was called

pMJ6.

IV.5.2 B.subtilis pMJ6 Transformants Ovérproduce Subtilisin

B. subtilis CmR transformants overproduce subtilisin.

This was evident from the large halos about colonies on skim-
milk plates (XI.9.1.1; Fig.19: MFJ135 vs. MFJ93).

Extracellular protease was estimated with Azocoll as described
in IT1.9.1.2, and production monitored during growth (Fig.34b).
Medium and inoculation were as described in III.7.2.2. Wild-
type MFJ93 and transformant MFJ135 were compared. Note the dif-
ferent scales on the ordinate axis. In the case of the over-
producer MFJ135, a 3-fold smaller sample volume was used (viz.
0.15 ml), and the results are shown uncorrected for this dif-
ference.

samples of supernatant were also tested for protease activity
at 12h, and 20h of incubation, and results are shown below:

- 196 -



FIGURE 34

(A) TRANSFER OF CLONED B. subtilis SUBTILISIN GENE
TO GRAM-POSITIVE VECTOR FOR EXPRESSION STUDIES

HPSB

R C

R subtilisin c
Sph I L | —— a— J
EcoR I- Cla I fragment of
‘\s°“ : pN47. 11

p1050

2.6kb cnm®

Bgl I

R,C lie adjacent,separated
by only 23bp. The 1.2kb
EcoR I- Bgl I and 1.4kb
Cla I- Bgl I fragments
were isolated

R=EcoR I, C=Cla I, H=Hind III, S=Sal I,B=BamH I

(B) OVERPRODUCTION OF SUBTILISIN FROM CLONED GENE

MFJ93 was transformed with a plasmid carrying the
cloned subtilisin gene. The CmR pMJ6 transformant,
MFJ135, overproduces serine protease. Culture medium
was sampled,and exoproteolytic activity measured at
different times during growth, as described in the
text.
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Table 9: Overproduction of Serine Protease by MFJ135

MFJ93 MFJ135
ASZO Resid.Act.| Ag,q Resid.Act.
12h (total) 0.040 0.353
20h (total) 0.083 0.475
+ PMSF ° 0.016 19% 0.002 <0.1%
+ EDTA 0.044 53% 0.446 94%

_Note: The sum of activities obtained in the presence of the
inhibitors does not match the total. This problem is discussed
later. From the table, it is clear that the majority of the
extra protease secreted by MFJ135 is PMSF-inhibitable and EDTA-
resistant, just as expected for specific overproduction of sub-
tilisin. Overproduction relative tc the untransformed wt is
about 30-fold, and is due to expression of the multiple copies
of the cloned gene.

Even though exoprotease production by MFJ135 is so high, act-
ivity is detected only after stationary phase has been reached
ie. after T, This restriction of subtilisin activity is

due to transcriptional control by inter alia minor sigma fac-
tors, and probably tatabolite repression, (see discussion in
Chapter I), and parallels the results of others (Ferrari et
al,1986). |

The promoter region of the B, subtilis 168 subtilisin gene has
been characterized as far as transcriptional initiation sites
are concerned (Wong & Doi, 1984; I.3.5.4; Fig. 33).

IV.6 Generation of a g,subgilig Subtilisin Deletion Mutant
It is possible to alter a cloned gene jin vitro and exchange the
altered copy for the wild-type allele in the donor organism.

V " : ]

The principle first described by Scherer and Davis (1979) for
yeast has since been applied tc many different systems. The
steps involved are sketched in Figure 35a.
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FIGURE 35 : GENERATION OF CHROMOSOMAL DELETIONS
USING IN VITRO ALTERED CLONED SEQUENCES

(A) "CLASSICAL" ROUTE

From Gutterson and Koshland (1983)
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l infegration
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|
(C ) 1( 1 resolution (n)l
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Expected pathway for repl t of a chr al
segment with an altered segment. A recombinant plasmid carrying
bacterial sequences with an internal deletion is introduced into a polA

strain. Recombination can occur to either the left or right of the dele-
tion, giving rise to one of two possible chromosomal DNA structures
with integrated plasmid. The plasmid integrates are obtained by se-
lection for tetracycline resistance. After removal of tetracycline from
the medium, tetracycline-sensitive segregates are obtained when plas-
mid DNA resolves from the chr via homologous recombina-
tion. The segregates retain either the original sequence or the altered

in the chr Replacement of the original sequence oc-
curs when the plasmid resolves via recombination on the opposite side
of the deletion from the integration event.

(B) BY SUBSTITUTION WITH LINEAR FRAGMENT

From Niaudet et al(1982)
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(A) First the altered gene, which must have homology to the
host genome on either side of the alteration is introduced
into the host by transformation with a plasmid which is pre-
ferably unable to replicate in the recipient, but which car-
ries an expressible selective marker. '
(B) The plasmid integrates into the chromosome by a Campbell-
like mechanism under the selective pressure, creating a dupli-
cation of host seguences.

(C) The selective presure is removed. At a frequency dependent
upon the length of duplicated sequence available for recombi-
nation, the plasmid will be lost. Depending on where the cross-
over occurs, either the wild-type or the mutant allele is re-
tained in the chromosome, while the vector sequences and the
other copy of the gene are lost.

Colonies are screened for loss of the selective marker, and
then the phenotype of interest.

IV.6.1.2 Application to Systems Other than Yeast
Gutterson and Koshland (1983) extended this idea to E. celi and

S. typhimurium using ColE1 replicons and poldA strains to pre-
vent extra-chromosomal plasmid replication.

The polA(TS) system can also be used to test whether a cloned
gene is essential: if expression of the selective marker can
only be achieved at the permissive temperature, then the cloned
gene one is attempting to alter/delete is most probably essen-
tial (Date, 1983).

Where such a constraint on episomal replication does not force

integration under the selective pressure, mutant generation is
3 -4
- 10

instance, a powerful screen to distinguish between mutant and

a rare event (10_ ). It moreover requires, in the first

wild-type phenotypes (Lee and Saier, 1983).
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IV.6.1.3 Interaction With The B. subtilis Chromosome

1) Non-Replicating Plasmids

Plasmids which carry a region of homology to the chromosome,_

can also integrate into the Bacillus subtilis chromosome by a
Campbell-type mechanism in a rec-proficient host.

This was first shown by Duncan et al (1978). B, subtilis (Thy )
was transformed with the nonhomologous bacteriophage g22 thymi-
dyldte synthetase gene on pMB9, which also carried a short 0.51
Md region of homology with the chromosome. The plasmid cannot
replicate in B, subtilis, and was found integrated into the

chromosome of Thy+ transformants.

Indeed, the ability to select for integration at specific sites
of nonreplicable plasmids has since been exploited to map clo-
ned genes (Haldenwang et al, 1980; Ferrari F. et al, 1983).

2) Replicable Plasmids

In rec- proficient hosts, plasmids which are able to replicate
and carry a region of homology to the chromosome, interact with
the chromosomal locus (Iglesias et al, 1981). A symmetrical
gene conversion can take place, and be detected where the plas-
mid carries an allelic variant of the host gene (Iglesias and
Trautner, 1983).

IV.6.1.4 Subtilisin Deletion Mutants

As far as generating a subtilisin deletion mutant is concerned,
Stahl and Ferrari (1984) utilized the Scherer and Davis logic
pictured in Fig.35a, to construct a strain lacking a 684 bp
HincII fragment in the gene. Kawamura and Doi (1984) on the
other hand, introduced their altered subtilisin gene (with a
178 bp Hpal deletion) on pUB110 and screened KmR transformants
for gene conversion i.e. reduced exo-protease production. (See
Fig.33, where the endpoints of the various deletions in the

gene are indicated). Both groups started out with already muta-
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genized strains having greatly reduced exoprotease activity
compared with wild-type. This was a prerequisite in the latter
case in order to be able to detect the rare mutants.

As a suitable transformable mutant was not available, and as -
the classical Scherer procedure had already been used for the
purpose, it was decided to attempt the generation of such a
subtilisin mutant by a slightly different approach, suggested
by recent results described by Ehrlich (Niaudet et al, 1982)

{see below).

IV.6.2 Gene Conversion by Linear Fragments
2) B, subtilis: In studies of intergenotes transformed with

hybrids of B. globigii and B, subtilis DNA, Harris-Warwick and
Lederberg (1978) showed that linear heterologous DNA fragments"

flanked by homologous DNA regions could be integrated into the
B, subtilis genome en bloc with high efficiency.

In transformation experiments using a ColE1 replicon carrying
the chloramphenicol resistance gene and B, subtilis DNA, Niau-
det et al (1982) found that integration into the B. subtilis
chromosome sometimes led to a mutant phenotype.With plasmigd

pHV438, where a B, subtilis DNA insert specifying thyB was

used, one cn?

transformant C26, was found to require isoleucine
for growth (“insertional mutagenesis®). When chromosomal DNA of
€26 was examined the strain was shown to have suffered a
deletion of approximately 6 kb of jlvA sequences, which map
very close to thvB. The data could be explained by assuming
that instead of a Campbell-like integration of the incoming
plasmid, a replacement of chromosomal DNA had taken place by a
double-crossover event involving sequences homologous to the
chromosome on either side of the vector (see Fig.35b). This hy-
pothesis had been tested by repeating the transformation with
the original pHV438 plasmid both in intact form, as well as
after linearization at a site within the B, subtjlis-derived
sequences. When intact plasmid was used, approximately half of

R . .
the Cm” transformants were Ile+ (Campbell insertion). With
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linearized pHEV438, all the CmR transformants were Ile (dou-
ble-crossover event).

Thus one could expect to be able to generate defined deletions
using linearized non-replicable plasmids very easily. In con-
trast to the Scherer scheme, vector sequences remain stably in
the chromosome. Even with non-linearized plasmid, there was 50%
deletion generation, presumably due to the linearization pro-
cess that occurs randomly during plasmid-uptake into competent
B. subtilis cells (de Vos et al, 1981). In this connection it
is worth mentioning that the model proposed for the *“activa-
tion" of plasmid monomers by homologous DNA inserts in the
transformation of B, subtilis cells (monomers with no homology
to DNA already within the recipient cell cannot transform), put
forward by Canosi et al (1981), demands that a break is present
in the part of the plasmid carrying the homologous sequence in
order to allow single-stranded invasion of the chromosome at
the corresponding locus. This synapsing leads to cicularization
and stabilization of the single-stranded molecule and finally
to DNA synthesis and replication of the plasmid. The“plasmid
marker-rescueatransformation system of Dubnau (Contente and
Dubnau, 1979; Gryczan et al, 1980) supports this model, and it
can be concluded that linear plasmid DNA, partly homologous
either to the chromosome or to a resident plasmid, takes part
in a transformation process entirely analogous to classical
chromosomal transformation.

Ehrlich has recently enlarged on the C26 data, and discussed
the deletion of essential genes by the linear DNA systems (Ni-
audet et al, 1985).

B) Other Systems Besjdes B. subtilis: Gene replacements by

transformation with linear fragments carrying either an jipn vi-
txo altered gene or else a heterologous gene flanked by sequen-
ces homologous to, and in the same orientation as, two closely
spaced regions on the host chromosome, have recently been des-
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cribed for yeast (Rudolf et al, 1985) and E. coli (Jasin and
Schimmel, 1984). ‘ '

In the yeast example, the linearized fragments were introduced
by cotransformation with a self-replicating plasmid-:carrying

the selective marker. In the E, colj case, the selective marker
was flanked by the homologous sequences. The mékhod was exten-
ded to the deletion of essential genes by providing the essen-

tial function on a plasmid with a ts replicon.

Iv.6.3 cConstruction of Plasmids for Subtilisin Deletion B
Mutant Generation

In summary of the abcve discussion:

The apparent ease with which an in vitro altered gene could be

substituted for the wild-type allele in one step by introducing

it into B, subtilis as a linear fragment,with a strong selec-

tion, led to the construction of plasmid derivatives of the sub-

tilisin clonq,pN47.11,where a portion of the coding sequenc

had been removed and replaced with a selectable marker; speci-

fically, the chloramphenicol acetyl transferase (CAT) gene of

pC194 (pMJ13, IV.6.4,-5).

The alteration would thus be labelled with a selectable marker
(CAT), and should thereafter be easily transferable to closely

related strains by transformation.

Precisely this method of interrupting/deleting part of a gene
has since been adopted with the regulatory sacQ gene (Yang et
al, 1986).

In addition to pMJ13, a derivative of pN47.11, which could be
used to generate a subtilisin deletion mutant by the Scherer
and Davis procedure of integration followed by excision was
also prepared (pMJ20, IV.6.6).

The main steps involved in the construction of pMJ13 and pMJ20
are shown in Figure 36, and were carried out in MC1061 or the
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FIGURE 36: CONSTRUCTION OF INTEGRATIVE PLASMIDS
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dam” derivative MFJ92.

The aims in constructing pMJ13 were: (1) to remove a portion of
the subtilisin coding sequence from pN47.11, specifically the
c. 700 bp from the HindIII site corresponding to AA +48 to the
Pvull site corresponding to AA +272. The endpoints of the dele-
tion are shown in Figure 37 ( Aapr MFJ157), and (2) to replace
the deleted fragment with the CAT gene. The HindIII and Pvull
sites were used as they were relatively simple to utilize and
would leave homologous segments of 1100 and 700bp up- and down-
stream of the deletion. These are sufficiently similar in
length for recombination to occur with more or less the same
frequency on either side. These segments are however rather on
the short side, as there is always an "excluded length® of 0.15
Mdalton (equivalent to ¢.230 bp) at the ends of transforming
DNA, that is unavailable for recombination. Exchange frequency
in plasmid marker-rescue experiments has been estimated to be
0.2-0.5 Mcla.lton"1 i.e. one crossover per 300-760 bp

(Dubnau, 1982).

The aims in constructing pMJ20 were to : (1) remove the same
segment of the subtilisin gene as for pMJ13, but to ligate the
up- and downstream remnants together, and (2) The CAT gene
would be cloned on to the plasmid next to the deleted subtili-
sin gene.

The starting plasmids were pBR322, pN47.11 (the subtilsin
clone), and pHV60 which are pBR322-based (Figure36a). In order
to facilitate later steps in the construction, some of the re-
striction sites present were eliminated viz. the HindIII site
at base 29 in pBR322 was inactivated by "filling out " and re-
ligation.

Excision of DNA from the EcoRV site at 185 bp, to the Pvull
site at 2066 bp eliminated the latter site as well as the BamHI
site at 375, and eliminated the possible duplication of vector
sequences when the CAT-carrying BamHI-HindIII fragment of pHVE0
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was added to~the subtilisin plasmids.

Wherever possible, defined fragments were isolated on agarose
gels. Every stage in the construction was rigorously checked by
restriction analysis of intermediates. Note that ligaticn of a
filled out BamHI end with a Pvull blunt-ended molecule regene-
rates the BamHI site.

As a by-product of the last step in the construction of pMJ13,
which involved a partial HindIII digestion of PvuIIl-digested
pMJ8, pMJ14 (Fig.36b) was obtained in which the alternative
HindIII site had been cut. This plasmid was used in another ex-
periment to clone sequences lying upstream of those in clone
pPN47.11. (IV.6.7).

IV.6,4.1 Identification & Characterization of apr Deletants

B, subtilis MFJ93 was transformed with pMJ13 that had been li-
nearized with EcoRI and PstI, by congression with pUB110. No

R

CmR colonies were obtained among the Km™ transformants.

As a control, intact pMJ13 had been used, and the equivalent
amount of plasmid gave 200 CmR transformants.

The failure to obtain any transformants with linearized pMJ13
was attributed to the shortness (1100 bp) of the homologous DNA
fragment after EcoRI digestion. During the transformation pro-
cess, this would have been shortened further and evidently made
a double crossover event impossible,

Varving Chloramphenicol Resistance; Amplification: Some of the
CmR transformants from intact plasmid were restreaked several

times on L agar containing 6 Pg/ml Cm. It was striking that
there were 2 types of colonies, viz. small and large. During
the first restreaking procedure, some small colonies gave rise
to large ones, suggesting amplification of integrated plasmid,
such as had been seen by Gutterson and Koshland (1983). The
purified colonies were tested at Cm concentrations of ﬁPg/ml
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and 30 pg/ml. The small colonies could only grow at the lower
concentration , while the large ones grew vigorously even at

30 Pg/ml.

IV.6.4.2 Appearance on Skim-milk Plates

When a few purified small colonies were dotted on agar con-
taining 1% (w/v) skim-milk, one of them (MFJ157) showed a very
modestly reduced halo of proteolysis. The halo also displayed
qualitative differences from the wild-type halo in that it was
fuzzy. Supernatants of overnight L Broth cultures were tested
on skim-milk agarose plates as described in II.9.1.1 and con-
firmed the above cbservation (Fig.19:MFJ157 vs.MFJ93). Chromosomal
DNA was thus prepared from MFJ93, MFJ157, another small colony
and a large one for analysis by Southern blot.

IV.6.4.3 Apalvsis of MFJ157 DNA by Southexrn Hvbridjization
Figure 37 depicts the anticipated results of the Southern
blotting experiment.The pre-integration step (cf. Fig. 35(A)a)
is not shown. The diagram shows how one can distinguish between
wild-type MFJ93 (CASE 1); Campbell integration of 1 copy of the
plasmid (CASES 2, 3); and the desired deletant mutant (CASE 4)
by probing chromosomal DNA digestions with the subtilisin in-
sert of pN47.11, based on a prior knowledge of the chromosomal

restriction map and the plasmid structure.

Figure 38, showing the results of the Southern blot for MFJ157
reveals that this strain gives the pattern of fragments expec-
ted to result from a double crossover event resulting in re-
placement of the wild-type subtilisin gene with the deleted
gene interrupted by the CAT gene (carried originally on pMJ13)
(CASE 4 in Figure 37). No other bands besides the ones expected
are observed. Especially important is the Clal-BamHI double di-
gestion, which confirms the identity of the Clal fragment in-
cluding the CAT gene (subtilisin has no BamHI site), as being
the slightly larger of the 2 Clal bands. This disappears from
the double digest, while a new smaller band is seen at about
700 bp, and corresponds to the remnant of the ClaIl fragment
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FIGURE 38: SOUTHERN ANALYSIS OF MFJ93 pMJ13
& pMJi4 __ INTEGRANTS

DNA was electrophoresed on 1% agarose. The filter
was hybridized to nick-translated pMJ6 / EcoRI -
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(minus the CAT 1.7kb ClaI-BamHI segment) which now cannot be
*seen" by the subtilisin probe. The blot was "stripped", and
reprobed with pC194. As expected, in the case of the pMJ13 in-
tegrant only the upper Clal fragment is seen and in the double
digest a new c.1.7 kb band hybridized. Nothing at all-is found
in the corresponding MFJ93 tracks (data not shown).

Southern blot analysis of DNA from the other colonies showed in
addition tc the bands seen in MFJ157, also others, and were not
examined further (data not shown).

Iv.6.4.4 Measurement of Exoprotease Produced By MFJ157
To quantitate the difference in exoprotease activity between
MFJ93 and MFJ157, the putative subtilisin deletion mutant, an
Azocoll assay was used (described in II.9.1.2).

‘Schaeffer's medium was inoculated 1:100 from a fresh L Broth
overnight culture. At 20 hours supernatants were taken for

assay.

Absolute values obtained in the Azocoll assay varied slightly
from one experiment to another. A consistent feature of these
assays was that the sum of activities obtained in the presence
of the inhibitors seldom approached 100%, and often was 70% of
the activity seen in the absence of inhibitor. Why this should
be so is not clear. It may be that some of the serine protease
activity was compromised in the presence of EDTA. It has rec-
ently been established that Ca2+
lisin structure (see I1.2.2.2), but there are no reports of such

ions form part of the subti-

inhibition in the literature. ISP-I, the intracellular serine
protedse, is inactivated by chelators (I.2.3.2). Increasing in-
hibitor concentrations did not significantly increase the deg-
ree of inhibition seen. The organic solvent in which PMSF was
dissolved had no inhibitory effect of its own. However, the
pattern of inhibition observed was quite consistent within +/-
15%. Results from 2 typical experiments using different super-
natants are shown below:
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Table 10: Reduced Serine Protease Activity of MFJ157

Aszocorr

EXPT1:1 ml SN EXPT2: 0.3 ml SN

DN43%7 MFJ*57 DN497 MFJ157
total 0.207 0.052 0.099 0.027
EDTA 0.147 0.016 0.052 0.004
PMSF 0.046 0.028 0.015 0.015
APR: :NPR 3.2 0.57 3.5 0.27
% inhibition
by EDTA 29 69 47 85
by PMSF 77 46 85 44

Less than half the activity in the NOVO reference strain MFJ93
was inhibited by EDTA, and very little was unaffected by PMSF
ie, by far the majority of activity is due to serine protease(s).
The ratio of APR to NPR produced by B. subtilis 168 is quoted
variously as being approximately 1:1 (Prestidge et al, 1971;
Higerd et al, 1972 ) Uehara et al, 1974); 4:1 (Millet, 1969);
3:1 (Itc & Spizizen,1972); or 1:4 (Hageman & Carlton, 1973). In
some pleiotropic mutants more APR is secreted relative to the
wt used to generate the mutant eg. YY88(pap-9), where the ratio
ia APR/NPR = 3/1 (Mantsald & Zzalkin, 1980). In B, subtilis nat-
to this ratio is 1:13 (Uehara et al, 1974). Some of this varia-
bility is presumably due to different culture conditions and
assay methods, and in the last case, to pprR2 regulaticen.

Mandelstam (Dancer & Mandelstam, 1975a) claimed that the metal-
loprotease is a substrate for the alkaline protease and pro-
gressively disappears from the medium in the course of sporu-
lation, based on experiments where PMSF was added to culture
supernants at intervals. These authors point out though that
their results are different from those reported by others,
where the ratio of the 2 types of protease secreted remain un-
changed.

However, the most recent results, from Ferrari and coworkers

with defined B. subtilis 168 deletion mutants of both apxr and
npr (Stahl & Ferrari, 1984; Yang et al, 1984) suggest that the
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1:4 APR/NPR ratio is correct. Deletion of the neutral protease
and alkaline protease genes respectively led to an 80% and 30%
reduction in exoprotease activity, when measured by the Azocoll
method. These estimates were consistent with halo sizes on ca-

o~

sein plates.

The results obtained above with MFJ93 and 157 were therefore
rather surprising, as the identical methodology had been used.
As can clearly be seen from the table, the total activity in
MFJ157 supernatants was only about 25% of that of the starting
strain, and of this residual protease activity, the majority
(69-85%) was inhibitable by EDTA ie. there had been a specific
reduction in serine protease activity. One would still expect
to find some serine protease activity in supernatants of a
subtilisin deletant mutant due to cell lysis (which liberates
intracellular protease), and due to bacillopeptidase F (see
I.2). The results shown above (for freeze-thawed samples) were,
however, not very different from those obtained with fresh,
sterile filtered supernatants, so any extra contribution to
activity by rupture of cells contaminating frozen samples was

negligible.

The high contribution of APR to the total MFJ93 exoprotease
activity evidently made it easy to detect a difference on skim-
milk plates in the mutant MFJ 157. Other workers were not able
to do so, since total activity of B. subtilis 168 had been re-
duced by only 20% upon deletion of the apr gene (Yang et al,
1984). Since the response on skim-milk plates is logarithmic
(Montville, 1983), such a small decrease would barely be visi-
ble.

The MFJ157 deletion was therefore transferred to B, subtilis

168 (frpc) in order to compare results with those obtained by
Ferrari & coworkers.
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IV.6.5.1 Transfer of Deletion to 168 by CmX

Having, so to speak, converted the subtilisin deletion into a
selectable marker, it was very casy to transfer the mutation to
closely related strains. This was demonstrated by transforma-
tion of MFJ93 competent cells with a few‘Pg of chromosomal DNA
from MFJ157. DNA was extracted from 6 of the hundreds of cmB
transformants obtained. HindIII and Clal digests were probed by
Southern blotting with the subtilisin clone as described pre-
viously for MFJ157. All 6 isolates gave the same pattern as the
mutant MFJ157 (cf. Fig.38). Moreover, when supernatants of over-
night cultures of the 6 transformants were compared on skim-
milk agarose plates with those of MFJ93 and MFJ157, all 6 show-
ed the hazy reduced halos typical of the mutant (cf. Fig.19).
Other, highly mutagenized derivatives of MFJ93 have also been
transformed to the APR_CmR phenotype (not shown).

In the same way B. _subtilis 168 competent cells were trans-
formed with MFJ157 chromosomal DNA. On skim-milk plates, super-
natants of CmR transformants were not very different from the
wild-type 168 (Fig.19: MFJ231 vs. 168), and Azocoll measure-
ments confirmed a more modest reduction in total protease ac-
tivity than for MFJ93 when the subtilisin gene is lost.

Under our conditions, a larger proportion of the extracellular
protease activity of wt 168 is apparently due to NPR than is . .
the case with MFJ93. While MFJ157 had at most 30% activity
relative to the starting strain MFJ93,Cm} derivatives of B,
subtilis 168 have 50%. This is more in keeping with expecta-
tions, but still rather different from the results of Yang et
al (1984). The mutants all had very low activity in the pre-
sence of EDTA, indicating a selective loss of serine protease
activity.

The data suggest that strain MFJ93 (=DN497) has in fact an
altered protease regulation relative to the archetypal wt, B.
subtilis 168. It was isolated as a RUB200 derivative (Yoneda et
al, 1979) that was apparently unchanged after transformation
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with DNA from a mutagenized Spo protease+/- strain (DN243) (B.

Diderichson, personal communication).

IV.6.5.2 Characterization of apr Deletants by Immune
Diffusion,SDS-Gel Electrophoresis,Western Blotting

To supplement the exoprotease quantification data which indi-
cated a lowered serine protease activity in the putative dele-
tant mutants MFJ157 and 231, other approaches were used to
confirm that subtilisin activity was absent.

Immune diffusion of supernatants of wt 168, apr deletant
MFJ157, and overproducer MFJ135 against anti-subtilisin NOVO
was performed (II.15). No cross-reaction could be detected with
any L Broth cultures. An industrial medium, BP-X, was used to
grow the strains to high cell density and thus improve protease
yield. Figure 4C illustrates the results, which reveal no cross
reaction between anti-NOVO and the MFJ157 sample (wells 14, 20
to 24). B, subtilis MFJ93 (well 16) gave a precipitin band of
identity with authentic subtilisin NOVO (well 13). This was
more intense in the case of the overproducer MFJ135 (well 18).
When the 168 sample was diluted 4x as a control so that exo-
protease levels in MFJ157 were matched, a precipitin band was
still detectable in the 168 sample (not shown).

The results of SDS gel electrophoresis of L Broth samples from
"wt" MFJ93 and its putative apr deletant MFJ157 are shown in
Fig.21 (lanes 1 & 2). The apparent lack of any alteration in
the extracellular protein pattern in the region corresponding
to authentic subtilisin NOVO/BPN', and the intense band in the
overproducer 135 (Fig.21, lane 3), occasioned doubt about the
reliability of the Southern blotting data. In these same sam-
ples, a difference in exoprotease activity levels is readily
demonstrable on skim -milk plates (Fig.19).

Differences between wt and MFJ157 are indeed seen elsewhere on
the protein gel (Fig.21). There is, for example, a more intense
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larger band in the sample from the mutant. It was possible that
the mapping data might have been misinterpreted, and that a
large fusion protein with subtilisin was secreted by MFJ157,
accounting for both lowered exoprotease activity, and the lar-
ger polypeptide. However, hybrid protein synthesis should have
been precluded. Well-characterized fragments had been used in
the relevant plasmid constructions, and structures were checked

rigorously.

It was only upon gross overloading of 4 day BP-X samples that a
band, of mobility similar to the NOVO marker, was demonstrated
in MFJ93, and in B. subtilis 168. This band was absent from su-
pernatants of the corresponding cmR apr deletants MFJ157

and 231 resp.(Fig.39a). This is more readily apparent when dia-
lysed, lyophilised samples were run (Fig.39b). Whether the band
in question is subtilisin cannot be stated with certainty in
the absence of confirmatory in situ immunological or activity
data, or direct sequencing.The fact that the overproducer MFJ
135, containing multiple copies of the cloned homologous gene,
displays an intense band at the same position, distinct from
that of the authentic subtilisin NOVO marker, is most persua-
sive. The slight differences must be ascribed to strain vari-
ation. The commercial NOVO preparation originates probably from
B. amyloliquefaciens, not B. subtilis. Similarly, subtilisin
Carlsberg produced by MFJ29 differs slightly in mobility from
that of the commercial *Alcalase".

It seems likely that subtilisin levels in L Broth overnight
samples are simply to low to be reflected as a discrete protein
band on an SDS gel. The band common to wt ahd apr deletant, and
which has a mobility similar to that of authentic subtilisin
NOVO, is probably some other unrelated exoprotein (Fig.21).

An attempt was made to correlate the immunological and electro-
phoretic data on the deletants by the Western blotting tech-
nique (II.13). This was a complete failure, despite the adop-
tion of several precautionary measures to reduce proteoclysis of
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the antibodies.

Samples were concentrated c¢.40x by TCA precipitation (II.12.
4), and reacted with PMSF. EDTA was also added to inhibit me-
talloprotease. The effect of low temperature (SQC) incubation,
addition of 4% BSA to minimize proteolysis of antibody, and the
ommission of Tween, which both removes protein from the filter
and activates some proteases, were assessed and found to be of

no benefit.

Others have found that most manipulations, but especially elec-
trophoresis, promote hydrolysis of the inactive phenylsulfo-
nate ester of serine protease and thereby restore activity
(Roitsch & Hageman, 1983). PMSF and EDTA were consequently
added to buffers before incubation with antiserum.

BP-X samples of wt 168, MFJ135 and 213 were tested. The first
two produce a NOVO type enzyme, the last, subtilisin Carlsberg.
No bands at all were seen after ELISA with less than 0.25 ml of
anti-NOVO in Washing Buffer (II.13). Using higher concentra-
tions, non-specific hybridization to all Coomassie Blue-stain-
able material was achieved, excepting the subtilisin band of wt
168 and MFJ135. Significantly, the subtilisin produced by MFJ
213 was visualized by ELISA, due to cross-reaction with the
antiserum (not shown).

Using the more discriminating anti-Carlsberg serum, non-spe-
cific cross-reaction was seen at all concentrations of serum
high enough to give a signal in ELISA. Again the endogenous
subtilisin secreted by B. subtilis was not visualized, but that
may be due to the specificity of the immune serum (not shown).

When the filters themselves were stained with Coomassie Blue
after the ELISA, subtilisin was found to be in _situ, even

where the ELISA had failed to show it up.

Successful Western blotting of subtilisin from B. amylolique-
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faciens (ie. the authentic NOVO enzyme), synthesized from the
cloned gene in a B, _subtilis host, has recently been reported
(Powers et al, 1986). The authors failed to detect the host
enzyme. On the basis of my results described above, it seems
likely that this has more to do with aggressive degradation of
- antibody by B. subtilis subtilisin than, as claimed, to reflect
antibody specificity.

The fact that no cross-reaction can be detected on Ouchterlony
plates between anti-Carlsberg and large amounts of B, subtilis
subtilisin secreted by MFJ135 (Fig.4A, well 2), while cross-
reactions between this serum and authentic NOVO enzyme can be
demonstrated (not shown), tend to support this view.

This matter could be clarified by repeating the blotting using
authentic subtilisin NOVO, instead of the 168 product, as a
control.

These experiments were not pursuedlas the method apparently
could neither be used to detect subtilisin antigen in the de-
letion mutant, nor could it be applied as a sensitive means of
determining low levels of Carlsberg synthesis.

v mation btilis wi
MFJ93 was transformed with intact pMJ20 (Fig.36a). As was the
case with pMJ13, both small and large transformants able to
grow at Cm concentrations of 6 and 30 pg/ml respectively, were
seen., Chromosomal DNA was prepared from 3 colonies that could
not grow at the higher Cm concentration, and HindIII digests
were analysed by Southern blotting, as described previously for
pMJ13.

Figure 40a shows the predicted size of bands hybridizing to the
probe in the case of integration both up- and downstream of the

site of deletion in the subtilisin gene.

Figure 40b shows the pattern actually obtained. Two of the co-
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FIGURE 40: STRUCTURE OF MFJ93:: pMJ20 INTEGRANTS

(A) PREDICTED PROBE-HYBRIDIZING HindIII DIGESTION FRAGMENTS

WT CHROMOSOME & pMJ20 SUBTILISIN DELETION
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(B) SOUTHERN ANALYSIS OF MFJ93::pMJ20 INTEGRANTS
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lonies analjsed, including MFJ163, conformed to CASE 2, and
MFJ164 to CASE 3. -

Either MFJ163 or 164 could be used to generate a CmsAggg

strain by growing it in the absence of Cm and:zreplica-plating
on plates with and without Cm 6 pg/ml. One would need to screen
about 10% colonies to have one CmsAgpg (Stahl and Ferrari,
1984).

Iv.7 Isolation of Upstream Sequences by Campbell

Integration & Excision of Plasmid DN2

In general, once one has integrated a non-replicating plasmid

carrying sequences homologous to the chromosome at a specific
locus by recombination one can easily obtain an extension of
the sequences originally cloned on the plasmid. This is achie-
ved by digesting chromosomal DNA of the integrate with a res-
triction enzyme that will leave the vector intact, to yield a
fragment carrying, in addition, sequences flanking the site of
insertion of the plasmid. The DNA is then ligated and transfor-
med into a host where the plasmid's replicative functions are
active, with selection for the plasmid-borne selective marker.

Successful use of this technique usually demands some prior

knowledge of the chromosomal restriction sites in the area, and
has been used by Roeder and Fink (1980) in yeast, and by Ferra-
ri F. et al (1983) and Ehrlich (Niaudet et al, 1982) in B, sub-

tilis.

Plasmid pMJ14 (Fig.36b) was a by-product of the synthesis of
pMJ13 (Fig.36a). This plasmid has no functional Gram-positive
replicon, and can be assumed to integrate by a Campbell-type
mechanism, preferentially via the homologous sequences that lie
upstream of the subtilisin gene (where there is 1.8 kb availa-
ble on pMJ14 for recombination), rather than downstream (only
0.3 kb available for recombination).
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B, subtilis MFJ93 was transformed with pMJ14, and chromosomal
DNA of one Cm transformant MFJ158 was examined by Southern
blotting. The probe was the EcoRI-ClaI 2.5 kb subtilisin clone
from pN47.11 (Fig.31c).

Figure 41a shows the expected chromosomal configuration of the
integrant MFJ158 = MFJ93::pMJ14, and the size of the bands one
would expect to hybridize to the probe after HindIII and Clal
digestions.

Sketching out the 2 alternative integrants viz. with integra-
tion via sequences respectively up- and downstream of the de-
leted subtilisin segment, reveals that HindIII subtilisin-spe-
cific fragments would be of the same size regardless of site of
integration (only 1 case is shown in Fig.41a). The Clal speci-
fic fragments however, differ in size in the 2 alternatives.
Moreover, the Clal & BamHI double digestion will also be diag-
nostic.

Figure 37 shows that the blotting results were in excellent
agreement with the predicted integration drawn out in Figure
41.

pMJ14 integrant MFJ158 was also reprobed with pC194 as descri-
bed previously for MFJ157, and only the band predicted to carry
the CAT gene was found to hybridize, as one would expect.

Combination of the original chromosomal mapping data obtained
with shorter probes (Fig.30c) and the structure of the inte-
integrant confirmed by the blot show that digestion of chromo-
somal DNA with PvuIIl would leave the pBR322-derived replicon
intact (recall: unique vector Pvull site inactivated in con-
struction of pMJ14 precursoi, pMJ5; Fig. 41a) and would give on
one fragment all the material on pMJ14 at the start plus about
1.4 kb of new material lying further upstream of the subtilisin
gene.
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The MFJ158 DNA was consequently digested with Pvull, ligated
and transformed into E. coli. The plasmid found in the ApR
transformants is pictured in Figure 41b (pMJ22).
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Genes coding for two homologous exoproteases have been cloned
from two different Bacillus spp.

The comparative primary structure of the Carlsberg (Fig.14) and
BPN'-type (Fig.33) subtilisin genes showed a high degree of
conservation not only in the region encoding the mature enzyme,
but also about putative precursor processing sites (Fig.3 in
Appendix 1). Details of the processing remain obscure, though
it seems that maturation can be partly autocatalysed (Powers et
al, 1986).

Secondary structure predictions revealed that folding over the
entire precursor protein of both subtilisin types is potential-
ly identical, despite the primafy sequence divergence (Fig.4 in
Appendix 1).

Inspection of the sequence upstream from the coding region of
both enzymes revealed several features that have been associ-
ated with regulation and expression in other systems. These
include promoter-like hexanucleotides, an AT-rich region,

indirect repeats and a ribosome-binding site. (B. licheniformis
gene, IIIX.6; B, subtilis gene, Wong et al, 1984; Stahl & Ferra-
ri, 1984).

Analysis of the in vivo transcriptional initiation region of
the BPN'-type enzyme revealed two closely-spaced start sites
(B._subtilis gene, Wong & Doi,1984). When the author applied
the same technique, viz. S1-mapping, to the B.licheniformis-
derived Carlsberg gene, two in vivo sites were similarly seen,
although in this case the localization was not precise enough
to relate the sites to promoter-like sequences present in the
region with any certainty (III.8.2). By cDNA sequencing how-
ever, only one start site was apparent (Fig.14 bases 297 &8;
Appendix 3).
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The cDNA data should be regarded as being the more reliable.
While some discussion of the artefacts produced by both S1 and
cDNA methods is found in the literature (Sharp et al, 1980;
Szekely, 1977 resp.), it is now believea by workers utilizing
these techniques that the following two factors play the great-
est role where mRNA integrity is assumed. S1 nuclease can at-
tack RNA/DNA hybrids at rU-dA regions due to the weak bonding
involved (Martin & Tinoco, 1980). Premature termination of cDNA
is attributed to contamination of reverse transcriptase prepa-
rations by RNAases specific for either single- or double-stran-
ded RNA. In recent years such contamination has been minimized.

In the case of the B, subtilis gene, a run of T residues on the
non-coding strand could certainly account for the shorter pro-
tected fragment (P2 in Fig.33), by increasing the S1 sensitivi-
ty of a longer mRNA-DNA hybrid. Although the Carlsberg gene is
also pyrimidine-rich in the putative P1,P2 region, it lacks the
extreme T-richness of its BPN' counterpart in the area (cf.
Figs. 14 & 33), and thus makes artefactual generation of shor-
ter "protected"” fragments less likely. The discrepancy between
the S1 and cDNA data remains unresolved.

The transcriptional initiation site indicated by cDNA sequen-
cing is preceded only by a "perfect" -10 region for sigma-43,
but no recognizable -35 homology is present at an appropriate
distance. This highlights the inadequacies in our understanding
of Gram-positive promoters (cf. Table 1, I.3.4,Fig.14).

" Transcripts starting at this position, or further upstream,
have rich potential for adoption of the various possible 2°
structures, as discussed in III.6. Both of the long palindromes
identified (Fig.14) would be present on such a transcript, but
whether these features of sequence have any regulatory role
remains to be established. If indeed they do, their control
could be exercised either at the DNA or RNA level.
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By analogy to other systems, it is likely that the left-most
palindrome functions as a chromosomal recognition site for a
regulatory protein (Rosenberg & Court, 1979).

Because of the internal complementarities, subtilisin Carlsberg
mRNA could adopt alternative, mutually exclusive secondary
structures at the 5' end, involving either the one or the other
of the two long palindromes situated just upstream from the
start of the coding sequences (see Fig. 14). In the one confor-
mation, the RBS would be sequestered in a stem, and might be
inaccessible to ribosomes. There are well-documented reports of
such sequestration having a negative influence on translation
initiation ,eg. the lamB701, and B708 mutants of Schwartz (Hall
et al, 1982). Other references are listed in III.6. Alternative
mRNA secondary structures have been proposed to regulate the B.
subtilis trp operon (Shimotsu et al, 1986).

In connection with possible post-transcriptional regulation,
the considerable delay in subtilisin Carlsberg secretion from
B._subtilis when expression was under heterologous promoter
control, is intriguing. These heterologous promoters were pla-
ced upstream from the in vivo start site (III.7.2.2, III.7.3).
Thus all the secondary structure possibilities for the authen-
tic subtilisin Carlsberg mRNA, described above, would also be
present for transcripts initiated at these heterologous

promoters.

It needs to be clarified whether, in these experiments, trans-
cription indeed took place from the promoters in exponential
phase, as only indirect evidence of their activity in growth
phase was presented. If, as anticipated, their vegetative phase
activity is confirmed, it must be ascertained whether the obs-
erved delay is due to translational or post-translational fac-
tors (eg. secretion, maturation and release from the cell mem-
brane, passage through the cell wall ; III.7.3)

Should translational control be implicated, the putative role
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of the palindromes must be directly established eg. by site-
specific mutagenesis. '

As has been mentioned, considerable difficulties were experi-
enced by the author, and others, in cldning the Carlsberg gene
in E. coli. Others have had problems in obtaining clones in B.
subtilis hosts. It is tempting and reasonable to attribute such
problems to strong promoter activity (see below and I.10.3.2,
III.9), although strain MFJ29 does not secrete excessive
amounts of subtilisin Carlsberg (III.8.1; Fig.19). The levels
of overproduction of subtilisin Carlsberg by B. subtilis from
the multicopy plasmid pMJ51 (III.7.5), were modest compared
with those obtained with the endogenous subtilisin under simi-
lar conditions (with pMJ6, Fig.34). It has not yet been esta-
blished whether the B. subtilis host utilizes the same start
site(s) as does B, licheniformis.

In E. coli, the postulated "internal RBS" (I1I1.6.3) may have
led to the synthesis of an intracellular serine protease, and
rendered cloning difficult. On the other hand, the ISP-I gene
has been successfully cloned in E. ¢oli, although there were
instability problems in subcloning, and suggestions that these
were due to removal of a protease inhibitor function (Koide et
al,1986; Beppu, personal communication; see 1.2.3.3.3).

The subtilisin gene was readily cloned from B. subtilis (Stahl
& Ferrari, 1984; Chapter IV, this thesis) in multiple copies in
E. coli. It is known that this gene is transcribed in E. coli
(Wong & Doi, 1984), and as remarked on above, considerable
overproduction of the gene product is obtained when the cloned
gene is present on a multicopy plasmid in B, subtilis.

While expression of subtilisin Carlsberg by MFJ29 and in a B,
subtilis host was rather feeble, this does not necessarily im-
ply that the promoter per se is weak. Industrial strains of B.
licheniformis, after extensive mutagenesis, secrete enormous
amounts of exoprotease. This is probably due to changes at some
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or all of the regulatory loci (see I.4 to I.6), and/or their
target sites. The complex exoprotease control is exerted at
various levels, and increased production could be due to many
factors other than direct promoter up-mutations.

It cannot however be ruled out that a promoter down-mutation
(i.e. a point mutation around the transcriptional start site)
has been cloned. It has been shown that the sequences 5' from
the Carlsberg gene were repeatedly deleted from clones, and
that those lying more than c. 200 bp from the coding region
failed to be cloned in this study (III.4). In contrast, no
problems were experienced in the cloning of extensive regions
upstream from the gene from B, subtilis. This was evidenced by
the cloning of pMJ6, from which the gene was strongly expressed
{(IV.5), and the subsequent integration-excision experiment with
pMJ14, in which additional sequences 5' from the gene were
cloned (IV.7).

Possibly the sequences that could not be cloned here influence
subtilisin Carlsberg promoter activity in B, _licheniformis; se-
quences which would lead to excessively high levels of trans-
cription in a foreign host, where specific modulating factors
may be absent. There is evidence of negative regulation of the
subtilisin gene of B, subtilis (see I.6.5.3).The instability of
clones of the B. licheniformis and B, subtilis &-amylase genes
in E,_coli and B. subtilis has been reported (resp. for the
different genes, Sibakov & Palva, 1984, inter alia; Yang et al,
1983). In the cases cited, removal of upstream sequences enhan-
ced clonal stability, while (some) promoter activity remained.
In another report, (Joyet et al, 1984), the B.,licheniformis
gene could not be cloned in E. coli on a certain restriction
fragment which included a large segment upstream from the co-
ding sequence, although a smaller fragment was stable in E.coli.

An alternative possibility to promoter strength that would ac-
count for cloning difficulties is that the sequences upstream
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from the subtilisin Carlsberg gene mayAencode a product that is
toxic to a cell if present in excess,or which titrate out an
essential factor, but which are unrelated to subtilisin apart
from adjacent chromosomal localization. A search of the cloned
sequences (Fig.14) revealed no significant ORF on either strand
upstream or overlapping the gene, which was preceded by a like-
ly RBS.

Only isolation, probably by a single copy cloning method (III.
9), and characterization of these sequences, combined with a

study of their expression in B, licheniformis, will resolve
these questions.
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ABSTRACT

The gene encoding subtilisin . Carlsberg from
Bacillus licheniformis has been isolated by molecular cloning
using a mixture of synthetic oligonucleotides. The entire
nucleotide sequence of the coding sequence as well as 5' and 3°
flanking sequences have been determined. The deduced amino acid
sequence reveals an N-terminal signal peptide consisting of 29
residues, a pro-peptide of 76 residues followed by the mature
protein comprising 274 residues. The ATG initiator codon 1is
preceeded by two putitative overlapping ribosomal binding
sequences. A palindromic sequence typical for transcription
termination 1is found downstream from the TAA stop codon.
Structural comparisons between different known subtilisin genes
reveal extensive homology, particularly in the parts coding for
the pro-region and the mature protein. Expression studies in
Bacillus subtilis show that the cloned fragment produces a
functional enzyme when inserted after a B. subtilis promoter.

INTRODUCTION
The subtilisins are alkaline serine proteases produced by

various species of Bacillus ( 1). There exists considerable
confusion concerning the origin and relationship of the two most
studied enzymes, subtilisin Carlsberg and subtilisin BPN' (1,2),
Both proteases have been claimed to be produced by different
Strains of B. subtilis (3,4), but it has subsequently been shown
that BPN! instead is produced by B. amyloliquifaciens (1) and
that Carlsberg most likely is pfoduced by a B. licheniformis or
a B. pumilis strain (5). The original subtilisin, first
described in 1954 (3) and later called subtilisin Carlsberg, has
been thoroughly characterized and the complete amino acid
sequence of the mature protein is known (6). Due to Iits
thermostability, this enzyme has become industrially important-
and 4{s in fact produced in greater quantities than any other

—
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protein (7). The other enzyme, subtilisin BPN', has chemical and

physical properties similar, but not identical, to subtilisin

Carlsberg (1,2). The amino acid sequence analysis revealed that

the two enzymes are approximately 70 % homologous (6).

Structural and functional comparisons of subtilisins

from
several strains and species

of Bacillus suggest that all
subtilisins belong to two groups, exemplified by
BPN' (1). This conclusion is based on amino
enzymatic activity,

Carlsberg and

acid composition,
immunological properties (5) as well as
complete amino acid sequence analysis (8). According to Keay and

Moser (5) Bacillus pumilis and B. licheniformis produce a
Carlsberg-like enzyme, while all other species in their study
expressed a BPN'-like enzyme.

Recently, the <cloning and characterization

of the gene
encoding subtilisin BPN' were described (9,10). This confirmed
that the enzyme 1is produced by B. amyloliquifaciens. In
addition, the

subtilisin gene from B. subtilis 168 has

sequenced suggesting that this protein is closely

BPN !

been

related +to
(11,13) . In order to clarify the evolutionary relationships

between the subtilisins, but also to enable structural and
functional comparisons with genetic approaches, we
isolate the gene encoding subtilisin Carlsberg.

describe the cloning and sequencing of the entire coding
sequence as well as the 5' and 3' flanking sequences. The
sequence reveals an overall structure similar to the subtilisin
BPN' coding region, including a 29 residue signal peptide and

decided to

Here we

a
76  residue pro-region preceeding the C-terminal protein
consisting of 274 residues. The Carlsberg and the BPN' pro-
regions show extensive structural homology, in particular when
they are compared by secondary structure predictions.

MATERIAL AND METHODS

Bacterial strains and vectors.

E. coli strains HB101 (12) and JM101 (12)

and B. subtilis
168 (11) were used as bacterial hosts.

Bacillus licheniformis
NCIB 6816 was obtained from National Collection

Bacteria, Aberdeen, Scotland.
pBR322

of Industrial
The vectors used were plasmid
(13), pUC8 (13), pBD6U4 (14) and phages M13 mp8, M13 mp9
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(13) and lambda 47.1 (13).
DNA preparations.

Chromosomal DNA was purified as described earlier (15).
Plasmid DNA was prepared by a modified alkaline extraction

method (16). Restriction endonucleases and other enzymes

were
used according to the

suppliers recommendations. The
transformation of E. coli and B. subtilis were made as deseribed

by Uhlén et al. (17). Southern analysis (18) and
hybridizations

Synthetic

colony
(9) were performed as described earllier. The

oligonucleotides were prepared by the phosphoamidite
method (19) and purified by HPLC.
DNA_sequeneing.

Restriction fragments to be sequenced were cloned 1into
appropriate restriction sites of M13 vectors and sequenced
according to the dideoxy method (20). The samples were analyzed
on 5 ¢ denaturing polyacrylamide gels using wedge shaped gels as
described by Olsson et al. (21).

using the UWGCG software (22).
Protein analysis.

The sequences were analyzed

Immune diffusion analysis was according to
(23). The

milk

Ouchterlony
presence of extracellular proteases was detected on

agarose plates (24). SDS-polyacrylamide gels (25) were
used to analyze the gene products.

RESULTS AND DISCUSSION

Identification of the subtilisin Carlsberg gene.

A number of Bacillus species were grown to late stationary

and the culture medium was collected to find a bacteria

that Produces subtilisin Carlsberg. The presence of the enzyme

Was tested with a standard immune diffusion assay using specific
antibodies raised against commercial subtilisin Carlsberg.

One strain was positive, namely a

of B, licheniformis, NCIB 6816 (data not

DNA from this strain was purified and
Used to characterize and clone the gene.

To identify the

Phase

type strain
Chromosomal

shown).
subsequently

subtilisin Carlsberg gene, we wused a
Synthetic hybridization probe that consisted of 16 14-mers. -The

Sequences of the oligonucleotides were derived from the unique

——
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pentapeptide Ala-Met-Lys-Gln-Ala

which corresponds to amino
acids

133 to 137 of the published protein sequence (6). The 16
oligonucleotides represent all possible combinations coding for
this region omitting the wobble base of the C-terminal
residue. The oligonucleotides
equimolar amounts,

characterize

alanine
were mixed 1in approximately
labeled with 32P and subsequently used to
restriction enzyme digested chromosomal
B. licheniformis NCIB 6816 using Southern
(18). The analysis revealed
suitable for

DNA from
blot hybridization
several restriction
cloning (data not shown), most notable a
BelIl-fragment and a 0.6 kb EcoRI/HaellI-fragment.
Cloning of the subtilisin Carlsberg gene.

Initial
fragment.

fragments
2.4 kb

experiments were aimed at cloning the 2.4 kb Bell

Chromosomal DNA was digested with Bell,

and the
fragments were separated

on preparative agarose gels. DNA
fragments in the 2.2 to 2.6 kb range were isolated by the DEAE-

paper procedure (12) and the fragments were ligated to BamHI
digested pBR322 plasmid. The ligation mixture was wused to
transform competent E. coli HB101 and the ampicillin resistant
colonies were screened for the presence of the subtilisin

by hybridization with the labeled 1l4-mer oligonucleotide
mixture. Although several recombinant plasmids were obtained

which hybridized to the probe, no plasmid with the intact 2.4 kb
fragment

gene

was found. The failure to clone the Bell-fragment may
be due to technical difficulties, but this fragment may also be
lethal to the E. coli host cell, due to the expression of the
heterologous alkaline protease.

A similar approach was therefore used to clone the 0.6 kb

EcoRI/HaeIII-fragment. Chromosomal DNA was digested with EcoRI
and HaeIIl and after separation on agarose gels,
between 0.6 and 0.8 kb were purified

digested with EcoRI and Smal. Several ampicillin resistant
clones hybridized to the oligonucleotide mixture,
analysis of one of the plasmids, pSUB1,

0.6 kb 1insert. Partial DNA Sequence analysis of the pSUB1
revealed that the 1insert encoded the C-terminal end of
subtilisin , with the orientation of the gene from the EcoRI
site towards the HaelIll site (Fig. 1), The EcoRI —;Ite

fragments
and 1ligated to puUC8

and further
showed the presence of a
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Fig, 1.

Restriction map and sequencing strategy of the gene. A,
Schematie drawing of the gene coding for subtilisin Carlsberg
With its different regions. § is a signal peptide, Pro is the
highly charged pro-region and Mature is the mature enzyme as
gﬁtermined by protein sequence. B, partial restriction map of

€ co

rresponding DNA sequence. C, sequencing strategy of the
1.3 kb fragment.

corresponded to the amino acid residue 96 of the mature protein.
A lambda phage vector was used to clone the 5'-end of the
Southern blot analysis of B. licheniformis 6816 DNA has

a Stul site approximately 0.7 kb from the EcoRI site
not shown). Chromosomal DNA was partially digested with
and separated by a sucrose gradient. Fragments in the 10
to 20 kb range were ligated into lambda 47.1 (13) digested with

gene,
revealed
(data

Sau3a

BamHI, The plaques were screened by hybridization with the 0.6
kb Subtilisin gene fragment. 8 plaques were 1identified as
Positive ang restriction analysis of one of the clones showed
the

expected 0.7 kb EcoRI/Stul-fragment. This

fragment was
Subcloned 1into

pUC8 giving the plasmid pSUB2. Partial DNA
S€quence analysis from the Stul site showed that pSUB2 contained
the whole 5'-end of the structural gene.
ELREEEELQD of the intact structural gene in B. subtilis.

In order to

was
Introduced 1into B. subtilis 168. The 1.3 kb Stul/HaellI

express a functional enzyme the gene

——
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fragment was assembled from the 0.7 kb Stul/EcoRI and the 0.6 kb
EcoRI/HaelIIl fragments and inserted into a
Bacillus vector pBD64 (14).
B. subtilis 168,
purified

derivative of the
After transformation into competent
restriction analysis of one plasmid, pSUB3,
from a chloramphenicol resistant clone, revealed the
expected 1.3 kb

insert. However, when this clone was grown

overnight and the culture medium was tested on milk agar plates,
no enlarged clearing

suggesting that this
extracellular protease.

zone was observed around the

plasmid cannot direct synthesis of
A B.

B. subtilis promoter, was therefore
inserted upstream of the structural gene of plasmid pSUB3 (data
to be published elsewhere). containing
this plasmid, on milk agar

plates Furthermore, the protein
content B. subtilis host cells

and pSUB4 were analyzed by SDS-
polyacrylamide electrophoresis. This showed that cells

containing pSUB4, but not pSUB3, produce an additional
comigrating with subtilisin

(data not shown).
the cloned gene

well,

B. subtilis host cells
pSUBY4, gave large clearing zones
when tested in the same way.

of the culture medium of the
containing plasmids pSUB3

protein

Carlsberg from B. licheniformis

These results suggest that the S'-region of
does not contain

functional signals for
transeription in B. subtilis, but when a B. subtilis promoter is

provided the enzymatically active protease is produced.
DNA sequence analysis.

Using the strategy outlined in Fig.

1C, the entire gene was
sequenced

according to the dideoxy method (20). The complete
nucleotide sequence of the Stul/Haelll-fragment is shown in Fig.
2. Starting from a double ATG initiator codon at nucleotide 109,
there 1is an open reading frame of 1137 nucleotides

in a TAA stop codon at nucleotide 12u6. The total protein
consists of 379 amino acids with a molecular weight of 38,910.
The ATG codons are preceeded by two

complimentary to the 3'-end of 16S rRNA of B. subtilis. In
genes from Gram positive organisms, the distance between the A
in the consensus sequence GGAGG of the ribosomal binding
Sequence and the 1initiation codon is around 10 nucleotides
(15,26). Consequently, although we have not shown that the first
ATG codon 1s used to initiate translation, the spacing to the

terminating

overlapping sequences
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10 30 50

Stul . . . . . .
CTACCATATAATTCATTTTTTTTCTATAATAAATTAACAGAATAATTGGAATAGATTATA

10 0
. . 9. sessee , ——) SP .
TTATCCTTCTATTTAAATTATTCTGAATAAAGAGGAGGAGAGTGAGTAATGATGAGGAAA
.- MetMetArglys
=105
130 150 170
AAGAGTTTTTGGCTTGGG . TCATGCTCGTGT
LysSerPheTrpLeuGlyMetLeuThrAlaPheMetLeuValPheThrNetAlaPheSer
-100 =90
190 210 230
. ===> PRO
GATTCCGCTTC

AAATGTTGAAAAGGATTATATTGTCOOATTT
“v!;;uowAluhcln?roll-LylhnvnclnLyoAlp‘l‘yr!thlalymo
- =70

250 2710 20

AAGTCAGGAGTOAAAACCGEATCTOTCAA TCATCAAAGAGAS ARAA
Lnsz;alyv-xLy-mu.s«vnu-Lnnpx lelleLysGluSerGClyGlyLys
- =50

310 330 350
cmtcmcmmmuiurcncccéccnnneahmnmuhommm
v llA_::LMXnPer. IlelleAsnAlaAlalysAlalysLeuAsplLysGluAlaleu
=30
370 390 "o

AAGGAAGTCAAAA

TC ™ TCATG
ané:vm.yumnprruuvnuaryrv-mxuamnyuuv-uuﬁt-n-

-10

450 470
=== MATURE . . . . &
TTGGCGCAA, TCCT TTCCTCTCATT. A
Li\:n:ﬂln'mrvuProTyrGlylh?rel.wncLyulul’LyﬂllGlnndln
-1 o 10

450 510 530

. s < ‘ HindIIl .

GGCTTTAAGGGAGCGAATG TAAAAGTAGCCGTCCTGGATACAGGAATCCAAGCTICTCAT

Ggml-muuummnmu-vm.unpmxyxm:-ma-rm-
30

550

570 590
. . HindII1 +  HindIII .
CCGOACTTGAACGTAGTCOGCOGAG  TGGCTGGCGAAGCTTATAACACCGAC

Pr
':upuuunvuv-mnunuormvuu.mycmumAunrup
50

610

630 650
GGGl ¢ s

TTOCCGOTAC TTGACAATACAACGGGT
GLyASnG1yH1sG1yThri1aValA1aGlyThr ValAlaAlaLeukspAsnThr Throly
70

Fig., 2.

Nucleotide and amino acid sequence of the

670 690 710

. . . . EcoRl .
GTATTAGGCGTTGCGCCAAGCGTATCCTTGTACGCGGTTAAAGTACTGAATTCAAGCGGA

ValleuGlyValAluProSerValSerLeuTyrAluVallysValleuAsnSerSerGly
80 90

730 750 770
AGCGGAACTTAC TTGTAAGCGGA G A T0GAT
SerGlyThrTyrSerGlylleValSerGlyIleGluTrpAlaThr ThrAsnGlyMetAsp
100  Ser 110

790 810 830
. . . . . HinoIl
GTTATCAACATGAGTCT A T

VallleAsnMetSerLeuGlyGlyProSerGlySer ThrAlaMetLysGlnAlaVa:
120 Ala 130

TGAC
1Asp

850 870 890

AATGCATA

T0TCCT TGC FICAGGA
AsnAlaTyrAlaArgGlyValValValValAlaAlaAlsaGlyAsnSerGlySerSerGly
140 150 Asn

910 930 950

ucAcauncn'rceccnrcnmnnnmcmcrcucmmmcocmﬁ
AsnThrAsnThrIleGlyTyrProAlaLysTyrAspSerVallleAlaValGlyAlaVel
Ser 170

970 990 1010
GACTCTAACAGCA TCATTT GTCATGGCT
AspSerAsnSerAsnArgAlaSerPheSerSerValGlyAlaGluLeuGluValMetAla
180 190

1030 1050 1070
: : TTATGCAACATIGAACGGAACG

ProGlyAlaGlyValTyrSer Thr Tyr ProThr Ser Thr TyrAlaThr LeuAsnGlyThr
200 210Asn

1090 110

1130
TCA 1 1 A T Nh‘h " AC
SerMetAlaSerProHisValAleGlyAlsAlsAlaleulleLeuSerLysHisProAsn
220 . 230
1150 170 1190
. . . . . .
CTTICAGCT TTATT CTCC
LeuSerAlaSerGlnValArgAsnArgLeuSerSer Thr AlaThr TyrLeuGlySer Ser
240 250
1210 1230 1250
. Boll . . . .
TTCTACTATGGAAAAGGTCTGATCAATGTCGAAGCTGCCGCTCAATAACATATTCTAACA

PheTyrTyrGlyLysGlylLeulleAsnValGluAlaAluAlaGlnEnd
260 21 21

1210 1290 1310

AATGGCATATAGAAAAAGCTAGTGTTTTTAGCACTAGCTITTTCTTCATICAGTTGAAGA

1330 1350
. . . HeelIIl
CTGTTCAATATTTTGAATCCGTTCCATTATGGTCGGATGGCC

subtilisin

Carlsberg gene. Numbering of the amino acids starts at the N-
terminal of the mature protein. Two possible ribosomal binding
sequences (%*%%) and a possible transcription termination
Sequence (---) are indicated. The amino acids that are different
compared to the published sequence of the mature protein are
shown. The putitative starting residues of the signal sequence
gigi. ttge pro-region (PRO) and the mature protein (MATURE) are
cated,

two  ribosomal binding sequences (12 and 9

nucleotides,
respectively) suggests that this codon is used.

Although the expression data in B. subtilis suggests that a
functional promoter does not exist in the 5'-flanking region of
the gene, a number of sequences similar to promoters known to be
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functional in B. subtilis can be found. An attractive sigma-#3

promoter can be found at nucleotides 34 to 39 (-35) and 57 to 61

(-10), respectively. 5 out of 6 nucleotides are in both

identical to the consensus sequence (TTGACA and TATAAT) and
spacing is the expected 17 nucleotides.
possible
of

cases

the
In addition, there is a
sigma-37 promoter at position 48 to 67 in which 8

out
10 nucleotides are identical to the -10

consensus sequence
GGAATTGTTT (11). However, no =35 region similar to the consensus
of sigma-37 promoters

putitative -10 region.
The

can be detected wupstream from the

structural gene is followed by a palindromic sequence

indicating a transcription termination signal as shown in Fig. 2

(=-==). The sequence is terminated in a

streteh of T-rich
residues and the free energy of the hairpin structure is -21.1
kcal/mole (22), similar to other Gram positive termination
signals (9,10,27,28).
The deduced amino acid sequence.

The amino acid sequence deduced from the DNA sequence 1is
shown in Fig. 2. The sequence reveals an overall structure
similar

to the subtilisin BPN' (9,10), including a 29 residue
signal peptide followed by a 76 residue highly charged pro-

region. The size of these regions in BPN' is 30 and 77 residues,
respectively (9,10). Smith

et al. have shown (6) that B84
residues are

different between the

amino acid
subtilisin Carlsberg

and BPN', For the deduced sequence
presented here, 81 out of the 84 residues are identical to the

Carlsberg sequence. Furthermore, the proline residue reported to
be missing at position 56 of subtilisin Carlsberg, as compared

to BPN' (6), is lacking in the deduced sequence (Fig. 2). Thus,
the predicted mature expected 27U

residues, subtilisin BPN'.

coding for subtilisin
as expected from the reactivity of the gene product
to anti-subtilisin Carlsberg antisera.

The amino acid

sequence of

protein consists of the
in contrast to the 275 residues of

This confirms that the cloned gene is
Carlsberg,

residues that differ
published protein sequence of the mature

(6) are also indicated in

from the earlier
subtilisin Carlsberg

Fig. 2. There are only five
differences observed, at residues 102, 128, 157, 160 and 211.
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Most of them involve serine and aspargine
according to

protein

residues, which,
the authors (6), were hard to determine by the
sequence method employed. However, since most of the
differences can be explained by single point mutations, some of
the divergence could be due to strain variation. Recently, the
complete protein sequence of another Carlsberg-like subtilisin
wWas reported (8). It is intercsting to note that this

called subtilisin DY, contains a threonine, a
Serine

enzyme,
proline and a
at position 102, 128 and 157, respectively. Thus the

residues at these postions are identical to the sequence
reported here. ’

The signal sequence.

The putative signal sequence (Fig. 2) has

similar
properties to other

signal sequences from Granm positive
bacteria. This includes a basic N-terminal segment followed by a
stretch of uncharged residues. The cleavage site most frequently

follows the (-3,-1) rule, giving cleavage preferentially

after
the residues Ala-X-Ala (29). Based on this

rule and other

Structural considerations (30), we predict that the signal
Peptidase processing occurs after the residues Ala-Ser-Ala as
shown in Fig. 2. Abrahmsen et al. (31) have shown, that Gram
positive

Siznal peptides are unusual both in length and charge
compared with other prokaryotic and eukaryotic organisms. The
fact that the charge of the N-terminus is +3 and the size is 29,
therefore demonstrates that the proposed subtilisin

8ignal peptide is typical for Gram positive bacteria.
Homology plot analysis.,

The

Carlsberg

complete amino acid sequence of four subtilisins

80 far been determined, namely subtilisin Carlsberg,
BPN',

have

subtilisin
Subtilisin amylosacchariticus and subtilisin DY (8).

Comparisons of their primary sequences have revealed that 62.5 %
of a1l residues in these four subtilisins are identical. . The
structural Studies also showed that the subtilisins may be
divided into two groups according to their mutual similarities,
i.e. Subtilisin DY and Carlsberg into one, and subtilisin

amylosacchariticus into another (8). However, many amino
acid similarities were also observed between, rather than within
the groups, i.e. 14 of the substitutions between BPN'

BPN ¢
and

and

—
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SUBTILISIN CARLSBERG
F\\PRO MATURE
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Fig. 3. Dot matrix comparison between the genes encoding
subtilisin Carlsberg and BPN'. Each dot represents the center of
a 21 nucleotide stretch where at 1least 14 nucleotides are
identical (21). The numbers refer to the sequence of the
subtilisin Carlsberg (Fig. 2) and subtilisin BPN' (9). A
schematic drawing of the coding gene is shown for each axis with
relevant features.

The position of the amino acids (Asp, His
and Ser) of the active site of the enzyme (1) is indicated.

amylosacchariticus are identical between BPN' and Carlsberg. The
structural development of the different subtilisins must
therefore have

followed specific phylogenetic paths from a

common ancestral precursor.

In order to clarify the structural homologies between

the
genes encoding BPN' and Carlsberg, homology plot analysis (27)
was performed. As the genes probably have evolved from a common
ancestral gene,

a homologous region may

imply evolutionary
pressure to retain the amino acids.

When the DNA sequences of
subtilisin BPN' (9) and subtilisin Carlsberg (from Fig. 2)

were
analyzed, the plot shown in Fig. 3 was obtained. This reveals
that the two sequences are highly conserved in the coding region

for the mature protein as already suggested by the amino acid
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sequences (6), but little homology is found in the 5' and 3°
flanking regions of the gene. The 3'-end of the coding region
can actually be distinguished simply by the sudden lack of
homology between the sequences. In the 5'-end, the
between homologous regions and non-homologous regions is

defined. A conserved region can be observed in the
part of the

border
less

C-terminal
pro-region, suggesting that there 1is a strong

evolutionary pressure to retain the structure of this part of
the protein. This region may be recognized by a proteolytic

enzyme during maturation. 1In contrast,

relatively little
homology

can be observed in the part coding for the N-terminus
of the pro-region. The signal sequence has also diverged
considerably between the two sequences confirming that signal
peptides can vary considerably in primary structure (29).
It has been proposed from the analysis of the
Sequence (6) that subtilisins contain repetitions suggesting
that the protein has evolved through amplification followed by
point mutations. Detailed analysis of the DNA sequences that
would be remnants of gene duplications, and especially searching

protein

for similar nucleotides in the wobble position of the codons,
did not reveal any relationship (data not shown). This
hypothesis can also be tested by comparing the DNA sequence of
the

gene with itself using a homology plot similar to the one
shown in Fig. 3. Internal homology will show up as parallel
lines outside the line of identity (29). Analysis of both the
Carlsberg and the BPN® sequences did not reveal
internal sequences (data not shown).

Secondary structure predictions.
Based

any related

on the primary amino acid sequence of the different

Subtilisins predictions of secondary stucture according to
and Fasman (32) and

Dolittle (33)

Chou
hydrophobicity according to Kyte and
were performed. The result for the first 120
residues of subtilisin DY, BPN' and Carlsberg, are shown in Fig.

4. A remarkable similarity of «- and f-structures, as well as
hydPOphobicity, between the three proteases were encountered, in

spite of the diverged primary sequence in

particular between
Carlsberg

and the other two. The hydrophobicity prediction for
the signal Sequences show the expected pattern of a hydrophilic
(basic) N-terminus followed by a

hydrophobic stretch of
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Fig. 4. Secondary predictions of the gene encoding the N-
terminal part of subtilisin DY (11), BPN' (9) and Carlsberg
(this paper). Each diagram show from top to bottom a schematic
drawing of the coding regions,the amino acid sequence, the
residues that break or form x-helix structures, the probability
for «-structures and g-structures (30), respectively, the

residues that break and form f-structures and the hydrophobicity
of the sequence (31).

site
between

approximately 20 residues. The proposed peptidase cleavage
is for all three proteins at the border
hydrophobic and hydrophilic sequences. All
predict an x-helix structure around this site, but the
functional significance of this is unclear.

The homology plot analysis revealed little homology in

located
three sequences

possible

the
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N-terminal end of the
Carlsberg.
homology.

pro-region of subtilisin BPN! and
A comparison residue for residue yields around 60%
It is therefore interesting that the predictions of

secondary structure show high similarities throughout the

whole
pro-region (Fig. 4).

This indicates that the tertiary structure
of this region is conserved. Furthermore, certain stretches

amino acids are 1identical in all three
sequence

of
proteins, 1i.e. the
Tyr-Ile-Val-Gly-Phe-Lys which is 10 residues from the
signal peptidase cleavage site. This sequence may be involved in
Protein interaction during maturation of the preprotein and thus
under strong evolutionary pressure.

In this paper, we have characterized the gene

encoding
subtilisin Carlsberg.

The gene coding for subtilisin BPN' has
Previously been characterized (9,10). Having both genes, it is

Now possible to perform refined biochemical studies with genetic
approaches to reveal how serine proteases distinguish between

different substrates or why the kinetic parameters for these two
enzymes are significantly different for some substrates (1).
Site-specific mutagenesis can be used to establish the
biochemical basis for these differences. Furthermore, it might
be possible to produce hybrid protein between the two enzymes
With altered enzymatic activities. As the subtilisin can be

used for stereo-specific hydrolysis of organic molecules,

such
Studies might

create new enzymes engineered to specifically
catalyze these reactions.
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APPENDIX 3
Determination of mRNA Start Site By Primed cDNA Synthesis

As discussed in III.8.2, the S1 mapping data indicated that
there were 2 subtilisin Carlsberg transcriptional start sites,
and their location could be approximated (Fig.14: P1,P2;
Fig.26).

To ascertain more precisely where the postulated P1 and P2 were
situated, cDNA was made in collaboration with Helle Wg¢ldike, by
the method described briefly below (see II.18 for details). A
5'-labelled 16-mer synthetic primer (indicated in Fig.14, com-
ﬁlementary to bases 393 to 409), reverse transcriptase, and T12
RNA from MFJ29 were used.

The labelled cDNA was visualized on, and isolated from, a 20%
denaturing gel (Fig.42a, 4 hour exposure). Note that there is
only one band in the region which would correspond to a strand
terminating in the region of P1 or P2. This strand has an
estimated length of 105 b, judging from the labelled markers.
Upon prolonged exposure, a second, discrete, shorter fragment
was detected. It seemed to be about 50 b long. It may be ac-
counted for either by premature termination, possibly due to
template 2° structure, or more probably to primed synthesis

on the "wrong" template.

The upper cDNA band was excised after autoradiography and ex-
tracted from the gel (c.5cps recovered), and the puriné sequen-
cing reaction performed (II.14.1). The products were analysed
on an 10% 40cm. denaturing gel. Chemical sequencing reactions
of another, unrelated fragment were used as size markers (Fig.
42B).

Comparison with the known sequence (Fig.14, coding strand
shown) reveals that the cDNA terminates at bases 297 and 298
(on the strand complementary to that shown in Fig.14). The last
chemical reaction product that can be seen (Fig.42B), corres-



FIGURE 42: PRECISE TRANSCRIPTIONAL START SITE DETERMI-
NATION BY cDNA SYNTHESIS AND SEQUENCING

(A) cDNA SYNTHESIS

cDNA was synthesized from primer
299 on MFJ29 T12 RNA. Products

of the reverse transcriptase re-
action were electrophoresed on a
20% denaturing gel and visualized

byautoradiography.
b

i
outer lanes: pBR322/ MspI —_
size markers 123 —

110
central lane: cDNA [HS

90 —
proad arrow: species whose
sequence is shown below in 76 —
(B) . 67

fine arrow: position of less
intense 2nd species

(B) cDNA SEQUENCING

1 23 45

The cDNA of approx. 105b
was excised from gel.shown
in (A) and subjected to the
A&G reaction (II.14.1).

Maxam and Gilbert sequencing
reactions of Fragment X were
used as markers.

The results of the chemical
sequencing were analysed on
a 10% denaturing gel.

lane 1: cDNA A&G reaction
lanes 2 to 5: Fragment X,
resp. G,A&G,T& and C reac-
tions.

The arrow shows the position
of the last G that can be
read off the cDNA. The pu-
rine pattern shown in lane 1
should be compared with the
pattern of pyrimidines in
the subtilisin Carlsberg
sequence 5°to the coding re-
gion shown in Figure 14.




ponds to a labelled chain ending at the C (or properly, G in
cDNA), at base 299. At a distance of 2 nt from this fragment
(as estimated from the marker tracks), is an intense band (=
unreacted full-length labelled cDNA). This resolves into 2
discrete bands cn brief exposure (not shown). There appears
thus to be a heterogeneity of 1 nt in the length of the cDNA
synthesized. This may be an artefact of the synthesis, or else
reflect heterogeneity in the template.

Base 297 must be regarded as representing the closest possible
transcriptional initiation position in relation to the gene co-
ding sequences, since it reflects the minimum length of the
subtilisin-specific mRNA which served as template for cDNA syn-
thesis.

Just before the putative transcriptional start site (bases 286
-291), (and also between 268-273), lies a typical -10 region
for sigma-43 (cf.Table 1). However, at the permitted interval
of 16-18bp upstream from these hexanucleotides (see I.3.4), no
match with the canonical -35 region can be found.

These results illustrate clearly why no expression of subtili-
sin Carlsberg was obtained with clones interrupted at the Stul,
for it lies at most 36 bp from the mRNA start site, and un-
doubtedly is involved in direct interaction with RNA polymerase
(I.3.1).

It remains to be established why a discrepancy exists between
the S1 mapping results (2 well-separated start sites), and the
CDNA synthesis (quite clearly only 1 species - albeit with
microheterogeneity at the 5' end - in the correct size range).
To resolve the question, the S1 experiment ought perhaps to be
repeated, possibly utilizing the NlaIII site, as discussed in
IT1I1.8.2.



ARPENDIX 4

a ormation B. licheniformis smi N

It was desirable to have a plasmid transformation system for B,
licheniformis both to facilitate cloning (see III.9) and for
studying the expressionof fragments cloned from the organism in

the species of origin.

A protoplast transformation procedure applicable to B._liche-
niformis has been described (Akamutsu & Sekiguchi, 1982), where
selection for cm® transformants was on a regeneration medi-

um containing up to 25 microgram/ml of antibiotic.

When transformation of MFJ29 by pC194 was attempted by a modi-
fication of this method (II.4.5), regenerants acquired a Cm-
resistant phenotype regardless whether they had been treated
with plasmid or not. This was not the case with B, subtilis
protoplasts treated in parallel as a control. Some Bacillus
Spp. have chromosomally-determined Cm resistance, eg. B.pumi-
lus (Shaw,1975; Harwood et al,1983). It is not known whether B.
licheniformis is such a species. Cells spread directly on to
Cm-containing plates never display resistance.

Transformation with chromosomal DNA has a longer tradition in
the species (Dubnau & Pollack, 1965). It appears that classes
of spontaneously arising morphological variants differ widely
in their ability to be transformed (Leonard & Mattheis, 1965).

A variety of B. licheniformis strains that have been used in
transformation studies were acquired from BGSC. They included
S5A4,5,13,15,16,20,21,23,24. These were screened on Penassay
plates containing a variety of antibiotics. The results of this
study are fourd in Table 4. There was wideséfead resistance to low levels
of Tet, Emy, Cm, and Km.




Different classes of transformable mutants were shown to re-
quire different media for the development of competence (Thorne
& Stull, 1966). The spp. listed above were grown to competence
in both BLSG and NBSG-X as described in II.4.4.1.

They were transformed with oligomerized, Gram-positive plasmids
carrying KmR, or CmR, and that had either no homologous chromo-
somal sequences, or else DNA derived from MFJ29. In no case was
a transformant obtained. It was also the experience of Imanaka
et al (1981), that this procedure could not be applied to plas-

mid transformation.

A strain AL20222 was obtained from Apothekenes Laboratorium. It
had been mutagenized and reportedly could take up plasmid DNA
by the method described in II.4.4.2, using special media. In 3
attempts to transform the strain with pUB110, there were con-
sistently 10x more apparently KmR colonies in test samples

than in controls (not treated with plasmid). These colonies
were however not viable upon repeated repurification.

From the antibiotic screen described above, it would appear
that high concentrations of Cm, Km and Tet are suitable for
selection of transformants.

The most promising approach seems to lie in protoplast trans-
formation, with Km rather than Cm selection (Imanaka et al,
1981; P-E Pederson, personal communication).
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