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Abstract

Streptomyces clavuligerus is capable of producing various secondary
metabolites including clavulanic acid. The biosynthetic pathway of clavulanic
acid is partially shared with other structurally related 5S clavams. The first
reaction involved in clavam biosynthesis is catalyzed by carboxyethylarginine
synthase (CeaS), which is encoded by two paralogous genes, ceaS1 and ceaS2.
However, ceaS2 mutant was severely compromised in clavam biosynthesis when
grown in liquid medium. This mutation was shown to affect ceaS1 transcription,
as reverse transcriptase-polymerase chain reaction (RT-PCR) and Western blot
protein analyses showed that transcription of ceaS1, and CeaS1 production, were
abolished in ceaS2 mutants. Interestingly, clavam biosynthesis was restored when

ceaS2 mutants were grown on solid medium.

Production of 5S clavams in S. clavuligerus is controlled by a pathway
specific transcriptional regulator, C7P, and an unusual two-component system that
is composed of a sensor kinase, Snk, and two response regulators, Res1 and Res2.
Null mutations in snk or res2 completely abolished production of 5S clavams. In
contrast, res1 mutants overproduce 2-hydroxymethylclavam and alanylclavam.
Phosphorylation sites of each protein involved in this two-component system
were identified by changing the conserved histidine residues of Snk (H-365) and
the asparatate residues of Resl (D-65) and Res2 (D-52) to alanine residues. These
mutations prevented auto-phosphorylation of Snk and transfer of phosphate
molecules from phosphorylated Snk to response regulators as shown by in vitro

phosphorylation assays. The phosphorylation dynamics between Resl and Res2



were also analyzed. Phospho-transfer assays suggested that Res1 is capable of
transferring its phosphate molecule to Res2, and dephosphorylation assays

showed that Res1 may possess phosphatase activity.

The transcriptional regulator C7P is encoded by the c7p gene. RT-PCR
analyses showed that transcription of cvm1 and cvm5, which encode essential
biosynthetic enzymes involved in 5S clavam production, ceased in ¢c7p mutants. In
addition, c7p transcription was severely reduced in a snk or res2 mutant.
Electrophoretic mobility shift assays showed that Res2 binds to the putative
promoter region of c7p, and C7P binds to the intergenic region between cvm1 and
casl. This suggests that the two-component system controls transcription of c7p,

and C7P promotes transcription of clavam genes through direct binding.
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Chapter 1

Introduction



1. Introduction

1.1 Streptomyces

Streptomycetes are Gram-positive, aerobic, filamentous, spore-forming
bacteria that commonly inhabit soil and give it its characteristic smell. The genus
Streptomyces was first proposed in 1943 by Waksman and Henrici (1943).
Streptomycetes have a complex life cycle that is similar to fungi and the life cycle
begins as the spore germinates. On solid substrates, growth then occurs at hyphal
tips, and with frequent branching, develops into a network called the vegetative or
substrate mycelium. During this vegetative growth phase, DNA replicates without
cellular division. This results in the characteristic multinucleoid and filamentous
structure of the bacterial cells (Chater, 1993). As nutrients begin to be depleted in
its surrounding environment, morphological differentiation takes place, which
leads to the formation of reproductive aerial hyphae that grow vertically and away
from the surface. At the same time, secondary metabolite production begins.
Many of these compounds have important medical value including various
antibiotics, antitumor agents and immunosuppressants (Chater, 1993; Demain,
2000). The aerial hyphae obtain necessary nutrients for growth and further
differentiation by lysing the substrate mycelium underneath (Mendez et al., 1985).
Septation begins to occur between individual nucleoids along the aerial hyphae
leading to development of uninucleoid spores (Hardisson and Manzanal, 1976;
Wildermuth, 1970). Once sporulation is complete, the mature spores can then

disperse and start the cycle again.



Streptomycetes chromosomes are typically 8-9 Mb in size and are among the
largest found in prokaryotes; they are linear and have a high G+C content (69-
78%). Due to their saprotrophic nature, Streptomyces species are capable of
utilizing different carbon sources by producing a range of extracellular enzymes
(McCarthy and Williams, 1992). This metabolic diversity is reflected in their
extremely large genome. Determination of its complete genome sequence showed
that the chromosome of Streptomyces coelicolor is about 8.7 Mb in length and
contains 7,825 genes, where as in Streptomyces avermitilis and Streptomyces
griseus, the chromosomes contain 7,574 and 7,138 genes and are 9.0 Mb and 8.5
Mb in length, respectively (Bentley et al., 2002; Ikeda ef al., 2003; Ohnishi et al.,
2008). A comparative analysis between these strains also revealed that the genes
on the chromosomes are organized in a way such that a highly conserved core
region, which carries most of the essential genes, can be found in the middle of
the chromosome in all three organisms. However, the outer arms of the
chromosomes are less conserved and contain genes with non-essential functions,
such as secondary metabolite production (Bentley et al., 2002; Ikeda et al., 2003;
Ohnishi et al., 2008). In Streptomyces spp., including S. clavuligerus, genes
involved in secondary metabolite production tend to be grouped together as gene
clusters, which are shown to be highly abundant. More than twenty gene clusters
related to known or predicted secondary metabolite production were identified in
S. avermitilis, S. coelicolor and S. griseus (Bentley et al., 2002; Chater and Bibb,

1997; Ikeda et al., 2003; Ohnishi et al., 2008). This clustering characteristic has



proven useful as a genetic tool for researchers to identify novel genes that may be

involved in antibiotic biosynthetic pathways.

1.2 B-lactam metabolites

Since the discovery of penicillin by Alexander Fleming in 1928, intensive
research has been undertaken to discover new antibiotics for treating infections.
The B-lactam metabolites have different ring structures fused to the four-
membered azetidinione ring (also known as the B-lactam ring) (Figurel.1), which
contributes to their biological activity (Skatrud ef al., 1997). The B-lactam ring
acts as an analog of acyl-D-alanyl-D-alanine and binds to the transpeptidase
enzyme that catalyzes the cross-linking reaction of the peptidoglycan network
(Tipper and Strominger, 1965; Wise and Park, 1965). This weakens the
peptidoglycan, which normally provides the structural support and rigidity to
bacterial cells, and eventually leads to cell death as the cells are no longer
protected from osmotic pressure. To date, B-lactam antibiotics are still one of the
most important groups of chemotherapeutic agents, accounting for over 65% of
antibiotics used worldwide (Elander, 2003; Paradkar et al., 1997). However, it
was not until 1962 that researchers started to realize that, besides fungi, bacteria
such as Streptomycetes were also capable of producing -lactam antibiotics
(Miller et al., 1962). Streptomyces clavuligerus NRRL 3585 was isolated from a
South American soil sample in 1971 by Higgens and Kastner (1971). Subsequent
analysis showed that this strain could produce penicillin N and cephamycin C
(Nagarajan ef al., 1971; Figure 1.1). In addition to the antibiotics mentioned

above, five other clavam-type-f-lactam metabolites, including clavulanic acid, as



Figure 1.1. Chemical structure of various secondary metabolites produced by S.

clavuligerus. A. B-lactam metabolites. B. other types of metabolites.
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well as non-B-lactam compounds including holomycin and tunicamycin were
found to be produced by this strain (Kenig and Reading, 1979; Nagarajan et al.,
1971; Figurel.l). The five clavam compounds have an oxygen-containing
oxazolidine ring instead of the sulfur-containing thiazolidine ring found in
penicillin or the six-membered dihydrothiazine ring found in cephamycin C
(Demain and Elander, 1999; Figure 1.1). Another S. clavuligerus strain, CKD119,
newly isolated from a south Korea soil sample, was shown to produce tacrolimus
(FK-506), which has high clinical value because of its immunosuppressant
activity (Kim and Park, 2008; Figure 1.1). Recently, sequencing of the S.
clavuligerus genome has been completed. Although its chromosome is only 6.8
Mb in length, 48 secondary metabolite gene clusters have been identified that are
distributed between the chromosome and a newly identified 1.8 Mb linear plasmid
(pSCLA4) (Medema et al., 2010). This suggests that S. clavuligerus is capable of

producing a large number of yet unidentified secondary metabolites.

Unfortunately, improper and over usage of antibiotics has led to the
development of B-lactam antibiotic resistance in many organisms. One of the
resistance mechanisms employed by these organisms is the production of -
lactamase, which hydrolyzes the B-lactam ring structure and therefore inactivates
its function. The four recognized classes of B-lactamases produced by various
bacteria can be arranged into two groups, in which class A, C, and D enzymes are
serine hydrolases while class B f-lactamases are metalloenzymes with zinc being

the common co-factor (Ambler, 1980).



The spread of B-lactamase encoding genes to pathogenic organisms led to
large scale screening for B-lactam antibiotics that are resistant to B-lactamase
hydrolysis, and alternatively, for compounds that are capable of inhibiting the
reaction catalyzed by B-lactamases. This latter approach led to the identification
of clavulanic acid. Although clavulanic acid itself is a weak antibiotic, it is a
potent B-lactamase inhibitor (Brown et al., 1976), which binds by acting as a
structural analogue of penicillin and therefore inhibits a wide range of -
lactamases that belong to classes A and D (Walsh, 2003). Beside the carboxyl
group that is present at the C3 position, clavulanic acid also has a 5R
stereochemistry compared to the 5§ stereochemistry of the other four clavams
(Figure 1.1), which are therefore referred to as the 55 clavams. Although
clavulanic acid and the 55 clavams are very similar in structure, only clavulanic
acid is capable of inhibiting B-lactamase. Thus, it is believed that this unique
stereochemistry confers the B-lactamase inhibitory activity (Baggaley ef al.,
1997). Despite the fact that the 5S clavams are not f-lactamase inhibitors, they
still possess biological activity. Clavam-2-carboxylate, 2-hydroxymethylclavam
and 2-formyloxymethylclavam were shown to be antifungal (Brown et al., 1979),
and alanylclavam was found to be bacteriostatic for certain organisms by

inhibiting methionine biosynthesis (Pruess and Kellett, 1983).

Since the discovery of this B-lactamase inhibitory activity, clavulanic acid
has been used in combination with B-lactam antibiotics to treat infections caused
by B-lactamase-producing pathogenic bacteria (Jensen and Paradkar, 1999).

Augmentin'™, a commercial product that contains clavulanic acid and



amoxicillin, was the second largest selling antibacterial with a world sales value
of ~$1.3 billion (US) in 1995 (Elander, 2003). As the emergence of antibiotic
resistant strains increased rapidly and in view of the great difficulty in identifying
new functional antibiotics, the need for clavulanic acid has increased
dramatically. Since S. clavuligerus is the only organism used to produce
clavulanic acid through industrial fermentation (Jensen, personal communication),
the biosynthetic pathway and its regulation has become a point of great interest. It
is now known that clavulanic acid and the 55 clavams share a common
biosynthetic pathway up to the intermediate called clavaminic acid and then the
pathway branches off leading to the production of clavulanic acid on the one
hand, or the various 5§ clavams on the other hand (Egan et al., 1997). However,
the biosynthetic pathway has not been completely elucidated and it is still unclear

how clavaminic acid proceeds to clavulanic acid or the 55 clavams.

1.3 Biosynthesis of clavulanic acid and 5S clavams

Similar to the biosynthetic pathway for cephamycin C, which has been
well studied in S. clavuligerus, the biosynthetic pathway for clavulanic acid and
the 5§ clavams can be divided into two parts that are commonly referred to as the
“early” and “late” steps. The “early” steps are shared between clavulanic acid and
58 clavam biosynthesis up to the branch point intermediate called clavaminic acid
(Egan et al., 1997; Figure 1.2). The “late” steps are specific and either lead to the
formation of clavulanic acid or 5§ clavams from clavaminic acid. Even though the
pathway leading to clavaminic acid production has been well characterized

(Jensen and Paradkar, 1999), steps beyond clavaminic acid are uncertain.
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1.3.1 “Early” steps in clavam production

The first reaction in the “early” steps involves the condensation of L-arginine
and D-glyceraldehyde-3-phosphate to produce N-(2-carboxyethyl) arginine
(Khaleeli ef al., 1999; Figure 1.2). This reaction is catalyzed by
carboxyethylarginine synthase (CeaS), which is encoded by the gene ceaS and
requires thiamine pyrophosphate and Mg”" for activity (Khaleeli e al., 1999). The
crystal structure of this enzyme showed that it is a tetramer consisting of two
closely associated dimers (Caines et al., 2004). B-lactam synthetase (BLS), which
is encoded by bls, then catalyzes the formation of a B-lactam ring structure in N*-
(2-carboxyethyl) arginine leading to formation of deoxyguanidinoproclavaminate
(Bachmann et al., 1998; Figure 1.2). The crystal structure of this enzyme showed
that the holoenzyme consists of a dimer and requires ATP and Mg”" to function
(Miller at al., 2001). Clavaminate synthase (CAS), which is encoded by cas, then
catalyzes the hydroxylation of deoxyguanidinoproclavaminate to form
guanidinoproclavaminate (Baldwin et al., 1993; Marsh et al., 1992; Figure 1.2).
This enzyme is a dioxygenase, which requires a-ketoglutarate, molecular oxygen,
and Fe*" in order to function (Salowe et al., 1990). Proclavaminate amidino-
hydrolase (PAH), which is encoded by pah, then catalyzes the removal of the
guanidino group from guanidinoproclavaminate leading to the formation of
proclavaminate (Elson ef al., 1993a). PAH requires Mn®" to function and the
holoenzyme was shown to be to a hexamer (Elkins ef al., 2002). Finally, CAS
catalyzes another two reactions, which involve the oxidative cyclization of

proclavaminate to produce dihydroclavaminate followed by desaturation of



Figure 1.2. “Early” steps involved in biosynthesis of clavaminic acid, the branch
point intermediate leading to production of clavulanic acid and 55 clavams. Gene

designations are shown in italics.
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dihydroclavaminate leading to the formation of clavaminic acid (Salowe et al.,

1991; Figure 1.2).

1.3.2  Gene clusters involved in clavam production

When CAS was purified from S. clavuligerus, two active forms of the
enzyme, which have slightly different kinetic constants and molecular weights,
were observed (Salowe ef al., 1990). Subsequent analysis revealed that the two
CAS isozymes were encoded by two different genes, that shared 82% identity and
87% similarity at the amino acid level, and therefore the two genes were named
casl and cas2 (Marsh et al., 1992). cas2, along with ceasS, bls, pah and oat (later
called ceaS2, bls2, pah2 and oat2), are located downstream of the cephamycin C
gene cluster (Jensen et al., 2000; Figure 1.3). It is now known that genes specific
for clavulanic acid production are also located in this region of the chromosome.
As aresult, this region is now referred to as the clavulanic acid gene cluster
(Figure 1.3). For organisms, such as Streptomyces jumonjinensis and S.
clavuligerus, that can produce clavulanic acid and cephamycin C, it is common
for both gene clusters to reside adjacent to each other (Ward and Hodgson, 1993).
Therefore, these two clusters together are also referred to as the B-lactam

supercluster.

In contrast, cas! is located on another part of the S. clavuligerus
chromosome. Investigation of the region surrounding cas/ showed that it also
formed a separate cluster with genes that are only involved in the 5§ clavam

biosynthesis and therefore, this cluster was named the clavam gene cluster

13



Figure 1.3. The B-lactam supercluster of S. clavuligerus. The yellow arrows
represent genes in the cephamycin C gene cluster; the rest belong to the clavulanic
acid gene cluster. The black arrows represent genes that are important or essential
for clavulanic acid biosynthesis. The white arrows represent genes that are not
essential for clavam production. The grey arrow represents an apparently essential
gene. Gene designations for the cephamycin C gene cluster are described by
Tahlan (2005). Gene designations for the clavulanic acid gene cluster are

described in the text.
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(Mosher et al., 1999; Figure 1.4). Mutational analysis showed that a cas2 null
mutant was capable of producing clavulanic acid and 5S clavams but at a reduced
level compared to wild type S. clavuligerus in complex soy (Soy) medium (Table
1.1). However, production of all clavam compounds was abolished in defined
starch asparagine (SA) medium (Paradkar and Jensen, 1995). Mutational analysis
showed that a cas/ null mutant exhibited a phenotype similar to the cas2 mutant
when grown in Soy medium, but it could still produce clavulanic acid when
grown in SA medium (Mosher et al., 1999). Transcriptional analysis showed that
casl and cas?2 are subjected to different nutritional regulation, where cas/ is only
expressed in Soy medium, while cas2 can be expressed in both media (Paradkar
and Jensen, 1995). A casl/cas2 double mutant cannot produce any clavam
metabolites when growing either in Soy or SA media (Table 1.1). This result
excluded the possibility that a third copy of cas is present in S. clavuligerus. All
of these data together indicated that CAS1 and CAS2 are functionally equivalent
enzymes and both are involved in clavulanic acid production when the organism
is grown in Soy medium while CAS2 is solely responsible for the production of

clavulanic acid when grown in SA medium.

When separate mutations were made in the ceasS, bls and pah genes that lie
upstream of cas2 in S. clavuligerus, phenotypes similar to that seen in the cas?2
mutant were observed (Table 1.1). Only partial loss of production of clavams was
seen, although the severity of the defect in production was far more prominent in
ceaS and bls mutants. These mutants were still capable of producing at least some

clavulanic acid and 5§ clavams in Soy medium but clavam production was

16



Figure 1.4. The clavam gene cluster of S. clavuligerus. The grey arrows represent
genes that are essential or important for clavam biosynthesis. The white arrows

represent genes that are not essential for clavam production. The black arrows

represent genes whose importance in clavam biosynthesis has not been examined.

Gene designations for the clavam gene cluster are described in the text.
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Table 1.1. Production of clavulanic acid and 5§ clavams by mutants with defects

in genes encoding enzymes involved in the early steps of clavam metabolite

biosynthesis in S. clavuligerus °.

Amount of metabolites produced (in %) as

Mutant Strain | compared to the wild type strain grown in Soy Reference
medium
Clavulanic acid 5S clavams
SA S oy SA Soy

Wild type 20 100 5-10 100 Jensen et al. (2000)
ceaS2 0 2-5 0 2-5 Jensen et al. (2000)
ceaS1 17-63 2-63 ND * Tahlan et al. (2004c¢)
ceaSl1/ceaS?2 0 0 0 0 Tahlan et al. (2004c)
bls2 0 10 0 15 Jensen et al. (2000)
blsl 103-162 107-173 ND ¢ Tahlan et al. (2004c)
bls1/bls2 0 0 0 0 Tahlan et al. (2004c¢)
pah2 0 60 ND ¢ 100 Jensen et al. (2000)
pahl 4-6 33-41 0 ND ¢ Jensen et al. (2004b)
pahl/ pah2 0 0 0 0 Jensen et al. (2004b)
cas2 0 60 0 60 Jensen et al. (2000)
casl 20 27-71 0 28-87 Mosher et al. (1999)
casl/ cas2 0 0 0 0 Mosher et al. (1999)
oat?2 0 40 0 2-5¢ Jensen et al. (2000)
oatl 30-154 57-145 ND° Tahlan et al. (2004c¢)
oatl/ oat2 12-62 31-67 ND ¢ Tahlan et al. (2004c)

*This table is adapted from Jensen ef al. (2000)
® The amount of respective metabolite produced by wild type S. clavuligerus
grown in Soy medium was taken as 100%
¢ Not determined, or too much variation was observed in the production levels to
make any deductions
4 Clavams were not detected in culture supernatants by HPLC analysis but some
alanylclavam bioactivity was detected
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abolished in SA medium. This suggested that, just as was seen for the cas genes,
another copy of each of these other early genes may also exist in S. clavuligerus
(Jensen et al., 2000). Indeed, a paralogue of pah, which is called pahl in order to
differentiate it from the pah gene located in the clavulanic acid cluster (now called
pah2), was found by Southern analysis and the two PAH isozymes they encode
shared 71% identity at the amino acid level (Jensen ef al., 2004b). Although
clavam production was not greatly affected in a pahl mutant, a pahl/pah2 double
mutant was incapable of producing clavam metabolites. The region surrounding
pahl was then sequenced and subsequent analysis revealed three more genes that
showed significant similarity to the “early” genes in the clavulanic acid gene
cluster (Tahlan et al., 2004a). This region is therefore called the paralogue gene
cluster (Figure 1.5). All of the “early” genes located in the clavulanic acid cluster
are therefore renamed to become ceaS2, bls2, pah2 and oat2 in order to
differentiate them from their respective paralogous copies. ceaSI encodes a
protein that has 66% identity to CeaS2 at the amino acid level. It was proposed
that these two genes may also be under different regulation, as was seen in cas/
and cas?2. Indeed, transcriptional analysis indicated that ceaS/ and ceaS2 are
nutritionally regulated in different ways, where ceaS2 was expressed in Soy and
SA media while ceaS1 was only expressed in Soy medium (Tahlan ez al., 2004a).
The same study also revealed that ceaS2 but not ceaS1 was under the regulation
of the transcriptional regulator CcaR, where in a ccaR deletion mutant, ceaS?2
expression was completely abolished but ceaS! expression was retained (Tahlan

et al., 2004a).
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Figure 1.5. The paralogue gene cluster of S. clavuligerus. The grey arrows
represent genes that are essential or important for clavam biosynthesis. The black
arrows represent genes that are specifically involved in alanylclavam biosynthesis.
The white arrows represent genes that are not essential for 5S clavam biosynthesis.

Gene designations for the paralogue gene cluster are described in the text.
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Despite the presence of the ceaS! gene encoding a CeaS enzyme functionally
equivalent to CeaS2, ceaS2 mutants were severely impaired in clavulanic acid
production even in Soy medium (Table 1.1). This suggested that, in addition to
being under different nutritional regulation, some kind of cross regulation is
taking place between ceaS! and ceaS2, which prevents the expression of ceaS/ in

the ceaS2 mutants.

bls1, which encodes a protein that shares 49% identity to BLS2 at the amino
acid level, is located downstream of ceaS/. The next gene found in the cluster is
pahl. Further downstream of pahl is oatl, encoding an ornithine
acetyltransferase enzyme (OAT1), which shares 47% identity with OAT2 at the
amino acid level. While clavulanic acid production was shown to be reduced in a
ceaS1 mutant, mutating either bls/ or oatl had no apparent effect on clavam
production when grown in Soy medium. Not surprisingly, ceaS1/ceaS2 and
bls1/bls2 double mutants were incapable of producing clavams, indicating that
third copies of these genes do not exist (Tahlan ef al., 2004a; Table 1.1). OAT,
encoded by oat!l and oat?2, is believed to play a non-essential role in clavam
production by increasing arginine production and channelling it towards the
biosynthesis of clavam metabolites (Kershaw et al., 2002). This suggestion is
supported by data showing that oatl/oat2 double mutants are still capable of

producing clavams although at a reduced level (Jensen ef al., 2000; Table 1.1).

To date, there are three gene clusters that comprise genes involved in the
biosynthesis of identified clavam metabolites in S. clavuligerus. They are the

clavulanic acid (Jensen and Paradkar, 1999), paralogue (Tahlan, 2005) and the



clavam (Mosher et al., 1999) gene clusters. These gene clusters are not physically
linked as was originally shown by chromosome walking (Tahlan, 2004b) and the
paralogue gene cluster has recently been found through genome sequencing to be
located on the pSCL4 giant linear plasmid whereas the other two are located on
the chromosome (Medema et al., 2010). As antibiotic biosynthetic genes are
always grouped together, the discovery of these clusters provided a useful handle
in order to identify genes that may play a role in clavam production. Long before
the genome sequence of S. clavuligerus become available, sequence analyses of
the regions surrounding the known “early” genes within the gene clusters revealed
the presence of a large number of open reading frames (ORFs) that have been
shown to be involved specifically in the “late” steps of the biosynthetic pathway.

Some of these ORFs are also involved in regulating clavam production.

1.3.3 “Late” genes in clavulanic acid production

Extensive investigation through sequencing and mutational analyses has
expanded the clavulanic acid gene cluster further. It is composed of all the “early”
genes as well as genes involved specifically in clavulanic acid biosynthesis.
Downstream of oat2 resides oppA 1, which has significant similarity to oppA2
(encoded proteins show 48% identity at the amino acid level), located further
downstream in the clavulanic acid gene cluster (Hodgson ef al., 1995; Jensen et
al., 2000; Lorenzana et al., 2004; Mellado et al., 2002; Figure 1.3). Both genes
were predicted to encode oligopeptide binding proteins and contain a conserved
domain found in bacterial extracellular solute-binding proteins (Mellado et al.,

2002). Analysis of oppA 1 and oppA2 mutants indicated that these genes are



involved in peptide transport, and disrupting either of these two genes separately
impaired or eliminated clavulanic acid production (Jensen et al., 2000; Jensen et
al., 2004a; Lorenzana et al., 2004). It is believed that OppAl and OppA2 function
to bind and transport arginine and arginine-containing peptides into S.

clavuligerus for clavam biosynthesis (Mackenzie et al., 2010).

claR and cad, which are located downstream of oppA 1, are another two
genes in the clavulanic acid cluster that have well defined roles. c/aR encodes the
pathway-specific transcriptional regulator for clavulanic acid biosynthesis
(Paradkar et al., 1998) and cad encodes clavaldehyde dehydrogenase (CAD).
CAD catalyzes the final step in clavulanic acid biosynthesis by reducing
clavaldehyde, which is a known intermediate between clavaminic acid and
clavulanic acid, to clavulanic acid (Nicholson et al., 1994; Figure 1.6). The crystal
structure of CAD has been solved recently and was shown to be a tetramer that
requires NADPH as a cofactor to function (MacKenzie et al., 2007). Clavulanic
acid production was blocked when cad was mutated, while over-expressing cad
increased clavulanic acid production (Jensen et al., 2000; Perez-Redondo et al.,
1998). cyp, fd, orf12, orfl3 and orf14 are located beside cad and were shown to be
important for clavulanic acid production since disrupting any of these genes
severely compromised the ability of S. clavuligerus to produce clavulanic acid
(Jensen et al., 2000; Jensen et al., 2004a). Proteins encoded by cyp and fd showed
homologies to P-450 cytochromes and ferredoxin proteins, respectively, and as a
pair, they were proposed to participate in the oxidative deamination of clavaminic

acid to clavaldehyde (Jensen et al., 2000; Li et al., 2000). However, this remains
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Figure 1.6. Proposed “late” steps involved in biosynthesis of clavulanic acid and
58 clavams. Known processes are shown as solid black arrows. Hypothetical

enzymes and chemical structures are shown in grey. (adapted from Tahlan ef al.

2007).
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elusive as the reaction has not been demonstrated experimentally. Based on
sequence analysis, orf12, orfl3 and orf14 encode proteins showing some
similarity to B-lactamases, efflux pump proteins and acetyltransferases,
respectively (Jensen et al., 2004a; Li et al., 2000). Despite their obvious influence
on clavulanic acid biosynthesis, the exact roles of these gene products remain

unclear.

Similar to oppA2, disrupting orf16 abolished clavulanic acid production
and led to the accumulation of two novel intermediates that are proposed to lie
between clavaminic acid and clavaldehyde, N-glycyl-clavaminic acid and N-
acetyl-glycyl-clavaminic acid (Jensen et al., 2004a). Disrupting orf17 also
blocked clavulanic acid production, again indicating its essential role in the
biosynthetic pathway (Jensen et al., 2004a). Recently, a new step in the process to
produce clavulanic acid from clavaminic acid was proposed. Arulanantham ef al.
(2006) showed that ORF17 is an N-glycyl-clavaminic acid synthetase (GCAS),
which belongs to the ATP-grasp fold superfamily and catalyzes a carboxylate-
amine ligation reaction using ATP and glycine in the presence of Mg®" and K. In
vitro analysis confirmed that clavaminic acid was converted by ORF17 to N-
glycylclavaminic acid, which is another novel intermediate that lies between
clavaminic acid and clavaldehyde (Arulanantham et al., 2006; Figure 1.6). Based
on these results, an acetyltransferase encoded by orf14 mentioned above, was
proposed to catalyze acetylation of N-glycylclavaminic acid, leading to N-acetyl-
glycyl-clavaminic acid, which is another proposed intermediate in the “late” part

of the pathway.



orf 18 and orf19 encode proteins with high similarity to penicillin-binding
proteins (PBPs) in S. coelicolor and S. avermitilis, respectively. While mutations
in orf19, and in orf20, which encodes a putative cytochrome P-450, showed no
effect on clavulanic acid production, the effect of disrupting orf18 could not be
assessed as no orf18 mutants could be isolated, suggesting orf18 may be an
essential gene. Recently three more ORFs named orf21, orf22 and orf23, which
encode a putative sigma factor, a sensor kinase and a response regulator,
respectively, were identified downstream of orf 20 (Song et al., 2009). Although
the effects were subtle, cephamycin C production was reduced in orf21 mutants
while both cephamycin C and clavulanic acid production were reduced in orf22
mutants. A more prominent effect was observed in an orf23 mutant, where both
morphological differentiation and antibiotic production were retarded (Song et al.,

2009).

Interestingly, the gene that encodes an enzyme to carry out the
stereochemical inversion of the 3, 55 stereochemistry in clavaminic acid to the
3R, 5R stereochemistry, believed to confer its B-lactamase inhibitory activity, in

clavulanic acid, has not been identified as yet.

1.3.4 “Late” genes in 5§ clavam production

Initial sequencing around the cas/ gene in the clavam gene cluster
revealed seven open reading frames termed cvm/ to cvm7 (Figure 1.4), of which
some are involved in the “late” steps for 5S clavam biosynthesis, as determined by

mutational studies (Mosher et al., 1999). Predicted amino acid sequence of cvm/
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showed similarity to aldo-keto reductases. Mutation of cvm/ blocked 55 clavam
production but clavulanic acid production was unaffected in S. clavuligerus
(Mosher et al., 1999). A similar phenotype was observed in a cvm4/cvm5 double
mutant (Mosher ef al., 1999). Since mutations in cvm4 have no apparent effect on
clavam biosynthesis, this indicated the essential role of cvm5 in 5§ clavam
production. cvm5 was predicted to encode a mono-oxygenase and mutants with
defects in cvm5 accumulated a novel intermediate called 2-
carboxymethylideneclavam (Tahlan et al., 2007). Based on limited data, a series
of “late” steps were proposed for 55 clavam biosynthesis in which Cvm5 is
believed to carry out a Baeyer-Villiger oxidation to convert 2-
carboxymethylideneclavam to 2-formyloxymethylclavam (Tahlan et al., 2007,
Zelyas, 2007; Figure 1.6). cvm3 encodes a putative flavin reductase, which is
believed to supply the reduced flavin that is required for the Cvm5 mono-
oxygenase to function (Tahlan et al., 2007; Mosher et al., 1999). However,
mutants in cvm3 produced normal level of 55 clavams, thus suggesting Cvm3 can
be functionally substituted by other flavin reductases encoded by S. clavuligerus

(Tahlan et al., 2007).

The predicted amino acid sequence of the protein encoded by cvm?2
showed similarity to isomerases (Mosher ef al., 1999). Although its function is
uncertain, 5§ clavam production was severely depressed in cvm2 mutants (Tahlan
et al., 2007). Conversely, mutations in cvm6 and cvm?7 showed no effect on
clavam biosynthesis, despite the fact that cvm7 encodes a putative protein that

belongs to the Streptomyces antibiotic regulatory proteins (SARPs) (Tahlan et al.,



2007). A number of genes, named cvm9, cvml10, cvmlil, cvml2, cvmi3, cvmH,
cvmP, and cvmG, were also identified in the clavam gene cluster (Tahlan et al.,
2007; Figure 1.4). Disruption of these genes, except cvmH, showed that they are
not involved in clavam production (Tahlan et al., 2007). Since mutants in cvmH

could not be isolated, its role in clavam biosynthesis is not known.

Since the initial discovery of the paralogue gene cluster, it has been
expanded considerably with the identification of additional open reading frames
that flank the paralogous copies of the early genes (Figure 1.5). orfA-L are located
upstream of ceaS1 (Cai, 2003). Mutants of orfA4, orfB, orfC or orfD are incapable
of producing alanylclavam while production of other clavams is unaffected. This
indicated that they are specifically involved in alanylclavam production.
Disruption of the remaining ORFs (E through L) had no apparent effect on clavam
biosynthesis (Zelyas et al., 2008). orfA4 is predicted to encode a protein similar to
glycine/serine hydroxymethyltransferase while orfB encodes a
YjgF/YER057¢/UK114 family protein (Cai, 2003). orfC and orfD are predicted to
encode aminotransferase and threonine dehydratase type enzymes, respectively,
and mutations in these two genes abolished alanylclavam production and led to
accumulation of a novel clavam metabolite, 8-hydroxyalanylclavam (Zelyas et al.,
2008). Based on the predicted function of these proteins, a mechanism for
alanylclavam biosynthesis was proposed, although this has not been proved
experimentally (Zelyas et al., 2008; Figure 1.7). On the other side of the
paralogue gene cluster, c6p, c¢7p, snk, resl and res2 reside upstream of oat/

(Figure 1.5). Mutants of c6p and c¢7p, which are paralogues of cvm6 and cvin7
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Figure 1.7. Proposed steps involved in alanylclavam biosynthesis. Hypothetical

steps are showed in grey. (adapted from Zelyas et al. 2008).
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from the clavam gene cluster, were blocked in 5§ clavam production while
clavulanic acid production was unaffected (Tahlan, 2007). Since ¢7p, like cvin7,
belongs to a class of antibiotic regulatory proteins that has an N-terminal SARP-
like domain and a C-terminal ATPase domain, it was proposed to act as a
pathway-specific transcriptional activator for 55 clavam production in S.
clavuligerus (Tahlan, 2007). snk encodes a product with similarity to sensor
kinases from two-component systems in S. avermitilis and S. coelicolor (Tahlan,
2005). A mutant disrupted in snk was incapable of producing 5§ clavams but
clavulanic acid production was unaffected (Tahlan, 2005). Sequence analysis
suggested that Snk is a soluble sensor kinase with two tandem GAF (cGMP-
specific and -stimulated phosphodiesterases, adenylate cyclases and FhlA)
domains, which may be involved in substrate binding, located at its N-terminus
(Tahlan, 2005). res! and res2 both encode response regulators and mutation in
resl caused overproduction of 2-hydroxymethylclavam and alanylclavam. On the
other hand, mutants in res2 were unable to produce 55 clavams (Zelyas, 2007).
Sequence analysis of Res2 suggested the presence of an N-terminal
phosphorylation pocket and a C-terminal DNA-binding domain, which are
characteristics of response regulators from different bacteria. In contrast, Res1
retained the phosphorylation pocket but lacked the DNA-binding domain (Zelyas,
2007). The reason for employing two response regulators is not clear at this point.
Nonetheless, both C7P and the atypical two-component system were shown to be

involved specifically in 5§ clavam production. With the identification of various
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enzymatic and regulatory genes, attention also turned to how the clavam

biosynthetic pathway is being regulated.

1.4  Regulation of antibiotic production

In streptomycetes, secondary metabolite production is linked to growth
phase and usually starts when entering stationary phase. Furthermore, it is often
coordinated with morphological differentiation (Demain, 2000) and is subject to
different levels of regulation, which are organized in a hierarchical manner
(Chater and Bibb, 1997). Pathway-specific regulators that control the production
of one or a small number of closely related secondary metabolites define the
bottom of this hierarchy. The genes that encode these pathway-specific regulators
are often located within or close to the antibiotic gene clusters that they regulate
(Chater and Bibb, 1997). The next level is the global regulators that control both
morphological development and secondary metabolite production. In S.
clavuligerus, mechanisms that are involved in either level of regulation are not
completely understood. On top of this regulatory hierarchy are different kinds of
signalling molecules, such as y-butyrolactones, which serve to monitor both the
environment and physiology of the cells, so that appropriate responses can be

exerted.

1.4.1 SARPS

The Streptomyces Antibiotic Regulatory Proteins (SARPs) are pathway-
specific regulators that control the biosynthesis of various antibiotics. The N-

terminal end of SARPs resemble a DNA binding domain similar to the “winged
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helix-turn-helix” DNA binding domain found in transcriptional regulators that
belong to the OmpR family (Wietzorrek and Bibb, 1997). Since members of the
OmpR family regulate transcription by binding to direct DNA repeats located in
the promoter region, it was proposed that SARPs also control gene expression by
binding to direct heptameric repeats located in the promoter region of the genes
they regulate (Martinez-Hackert and Stock, 1997; Wietzorrek and Bibb, 1997).
The ActlI-ORF4 protein is a well characterized SARP that positively regulates the
biosynthesis of actinorhodin (Act), an antibiotic produced by S. coelicolor
(Fernandez-Moreno et al., 1991). Fernandez-Moreno et al. (1991) observed that
Act was over-produced when extra copies of actII-ORF4 were introduced into S.
coelicolor while Act production was abolished in an actlI-ORF4 mutant.
Electrophoretic Mobility Shift Assays (EMSA) and DNase I footprinting also
showed that ActlI-ORF4 was capable of binding specifically to imperfect
repeated sequences found in the -35 region of the promoters of Act biosynthetic
genes including actIll, actVI-ORF1 and actVI-ORFA (Arias et al., 1999). CdaR,
encoded by cdaR is also a SARP homologue that was shown to activate calcium-
dependent-antibiotic (CDA) production in S. coelicolor (Ryding et al., 2002).
Similarly, StrR, a SARP homologue encoded by s#R in S. griseus, activated
streptomycin production specifically (Retzlaff and Distler, 1995). This confirmed
the role of SARPs in general as pathway-specific positive transcriptional

regulators on antibiotic production in Streptomyces species.

The ccaR (Cephamycin and Clavulanic Acid Regulator) gene from the

cephamycin C gene cluster of S. clavuligerus encodes a SARP called CcaR. It



regulates both the biosynthesis of cephamycin C and clavulanic acid as shown by
Perez-Llarena et al. (1997a) who found that a S. clavuligerus ccaR mutant was
incapable of producing any cephamycin C or clavulanic acid (Alexander and
Jensen 1998; Perez-Llarena et al., 1997a). Perez-Llarena et al. (1997a) also
observed that cephamycin C and clavulanic acid were over-produced when extra
copies of ccaR on a plasmid were introduced into S. clavuligerus. Western
analysis of the cell free extracts (CFEs) from a S. clavuligerus ccaR mutant
showed that lysine 6-aminotransferase (LAT), isopenicillin N synthase (IPNS)
and desacetoxycephalosporin C synthase (DAOCS), which are key enzymes
involved in cephamycin C production, and CcaR were not produced (Alexander
and Jensen, 1998). As a result, it was proposed that CcaR is an autoregulator that
controls its own expression as well as controlling the transcription of the
cephamycin C biosynthetic genes. Since cefE, encoding DAOCS, is transcribed as
a polycistronic transcript with cefD, CcaR may regulate the upstream cefD
promoter (Figure 1.3). This was proved as EMSA showed that CcaR can bind to
the divergent cefD-cmcl and ccaR promoters (Santamarta et al., 2002). On the
other hand, it is still unclear if CcaR directly regulates the /at promoter, which is
responsible for for the expression of /at (encoding LAT), because contradictory
results were reported from two different research groups. Kyung et al., (2001)
showed that His-tagged CcaR from recombinant E. coli could bind to the -35
region of the lat promoter, by carrying out EMSA and DNase I footprinting
analysis. However, Santamarata et al. (2002) showed that purified CcaR protein

from S. clavuligerus was unable to bind to the /at promoter. Despite the unclear
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role of CcaR in regulating the /at promoter, it is obvious that CcaR positively
regulates cephamycin C biosynthesis by directly binding to at least some

biosynthetic genes and controlling their transcription.

1.4.2  Other pathway specific transcriptional regulators

CcaR also controls clavulanic acid biosynthesis by direct binding to
control the expression of another pathway-specific transcriptional regulator called
ClaR (Clavulanic Acid Regulator), encoded by claR (Paradkar et al., 1998; Figure
1.3). Transcriptional analysis showed that c/aR was not transcribed in a S.
clavuligerus ccaR mutant (Perez-Redondo et al., 1998). ClaR belongs to the LysR
family and contains two helix-turn-helix DNA binding domains at both the amino
and carboxyl termini. A S. clavuligerus claR mutant was incapable of producing
clavulanic acid while it retained the ability to produce cephamycin C and 58
clavams. Also, clavulanic acid production was increased by three-fold when
multicopy plasmids carrying claR were introduced into S. clavuligerus (Perez-
Redondo et al., 1998). This suggested that ClaR regulates the “late” steps
responsible for clavulanic acid biosynthesis. This hypothesis was supported by the
fact that expression of oppA1, cad and cyp, which are genes involved in
converting clavaminic acid to clavulanic acid (Arulanantham et al., 2006; Jensen
et al., 2004), was significantly reduced in the S. clavuligerus claR mutant (Perez-

Redondo et al., 1998).

It is interesting that CcaR co-regulates both the biosynthesis of

cephamycin C (B-lactam antibiotic) and clavulanic acid (B-lactamase inhibitor). It



was proposed that this type of regulation may actually reflect an evolutionary
event that allows S. clavuligerus to adapt to the highly competitive environment in

the soil (Ward and Hodgson, 1993).

1.4.3 Bald (bld) genes

Regulation mediated by pleiotropic regulators, which regulate both the
morphological differentiation and secondary metabolite production, comes next in
the hierarchy. The best characterized pleiotropic regulator gene is the bldA gene
from S. coelicolor. A S. coelicolor bld4 mutant was unable to form aerial mycelia
or antibiotics (Merrick, 1976). bldA regulates both aerial mycelium formation and
antibiotic production by encoding the only leucyl tRNA capable of translating the
rare TTA codons. TTA codons are mainly found in genes that are involved in
aerial mycelium formation and antibiotic production, including ccaR (Chater and
Chandra, 2008; Leskiw et al., 1991; Trepanier et al., 2002). Although disrupting
bldA in S. clavuligerus blocked aerial mycelium formation, surprisingly, it had no
effect on B-lactam production (Trepanier ef al., 2002). Trepanier et al. (2002)
proposed that the TTA codon context has an important effect on regulation as all
bldA dependent targets that resulted in a null phenotype were shown to contain
TTA codons in the context of TTAC or TTAT. It was further proposed that ccaR,
which carries a TTA codon in TTAG context, is not under bldA regulation and
instead CcaR is mistranslated giving rise to functional protein in b/d4 mutants

(Trepanier et al., 2002).
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A S. clavuligerus bldG mutant was also unable to produce B-lactams and
aerial mycelia (Bignell et al., 2005). Since BldG shows similarity to anti-anti-
sigma factor proteins found in various Bacillus spp., bldG in S. clavuligerus is
thought to encode an anti-anti-sigma factor that interacts with an anti-sigma factor
that in turn regulates various sigma factors that control morphological
development and secondary metabolite biosynthesis. The function of BIdG was
shown to be activated by phosphorylation (Bignell et al., 2003). In addition, ccaR
transcription was blocked in a S. clavuligerus bldG mutant (Bignell et al., 2005).
Therefore, it is apparent that BldG regulates B-lactam biosynthesis through CcaR.
However, it is still unclear how BldG controls transcription of ccaR, whether

directly or indirectly.

1.4.4 vy-butyrolactone regulators

Many Streptomyces species were shown to produce y-butyrolactones,
which are diffusible low molecular weight signalling compounds (Kholkov et al.,
1967). y-butyrolactones control gene expression by binding to their cognate
receptor proteins, which in the absence of the y-butyrolactones act as DNA-
binding repressors that bind to conserved palindromic inverted repeats called
autoregulatory elements (AREs) (Kinoshita et al., 1999). Once a y-butyrolactone
binds to the receptor protein, the complex is released from the DNA. Thus, gene
expression occurs. y-butyrolactones serve as Streptomyces hormones to regulate
morphological differentiation and antibiotic production (Horinouchi and Beppu,
1992). A y-butyrolactone receptor protein called ScaR (S. clavuligerus

autoregulator receptor), which is encoded by scaR, was found in S. clavuligerus



(Kim et al., 2004). Sequence analysis of the upstream region of ccaR and scaR
revealed the presence of ARE sequences. EMSAs showed that ScaR was capable
of binding specifically to these two ARE sequences. This suggested ScaR
autoregulates its own expression as well as controlling ccaR expression.
Moreover, in a scaR mutant, the production of both clavulanic acid and
cephamycin C increased significantly compared to the wild type. This indicated
that ScaR is a repressor and exerts it effect by binding to the ARE sequence and
preventing gene transcription (Santamarta ef al., 2005). The same study also
found a novel protein that is capable of binding to ARE sequences as shown by
EMSA. Recently, this protein was isolated from S. clavuligerus and named AreB
(Santamarta et al., 2007). AreB, which is encoded by areB, was identified as a
regulatory protein of the IcIR family. It was shown to autoregulate its own
expression and is also involved in leucine biosynthesis and fatty acid catabolism.
areB mutants show elevated cephamycin C and clavulanic acid production and
more interestingly, binding of AreB to the ARE of ccaR requires an unknown
small molecule other than y-butyrolactone (Santamarta et al., 2007). As a result,
AreB controls primary metabolism and when induced by some as yet unidentified

signals, regulates secondary metabolite production, simultaneously.

1.4.5 The stringent response

The “stringent response” is another system that was shown to be involved
in controlling morphological differentiation and secondary metabolite production
in Streptomyces species. Under amino acid starvation conditions, cellular levels of

highly phosphorylated guanine nucleotide (p)ppGpp increase. Accumulation of
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(p)ppGpp was shown to initiate morphological differentiation and antibiotic
production in Streptomyces sp. MA406-A-1 (Ochi, 1986). Similarly, when relA,
which encodes the ppGpp synthetase in S. coelicolor, was knocked out, the
mutant was delayed in morphological differentiation and incapable of producing
actinorhodin and undecylprodigiosin (Chakraburtty and Bibb, 1997). It was
further demonstrated that (p)ppGpp induced transcription of act/[-ORF4 (Hesketh
et al., 2007). Two homologues of rel4 (rel4 and rhs) were isolated from S.
clavuligerus and mutants of rel4 were unable to synthesize (p)ppGpp (Jin et al.,
2004). Although mutations in re/4 impaired aerial mycelium formation and
sporulation, contradicting results were obtained in regard to antibiotic production,
where Jin et al. (2004) showed rel4 mutants were unable to produce either
cephamycin C or clavulanic acid but Gomez-Escribano et al. (2008) showed
overproduction of these compounds. As a result, it is still unclear at this point

about the role of “stringent response” in S. clavuligerus antibiotic production.

1.4.6 Two-component regulatory systems

Two-component regulatory systems (TCSs) have been identified in a wide
range of organisms. In its simplest form, the system involves one sensor kinase
and one response regulator. Sensor kinases sense and respond to stimuli by
undergoing autophosphorylation at a conserved histidine residue. The phosphate
is then transferred to a conserved aspartate residue of the response regulator,
which can then activate transcription of target genes. The complete genome
sequence of S. coelicolor revealed a large number of TCSs, as 84 genes encoding

sensor kinases and 79 genes encoding response regulators were identified. Most



43

of the sensor kinase genes are located beside a response regulator gene,
presumably forming a cognate pair (Bentley ef al., 2002; Hutchings et al., 2004).
Although the majority of these systems have not been studied and the stimuli
recognized by these systems remain largely unknown (Hutchings ef al., 2004),
this still reflected the complexity of the regulatory networks in S. coelicolor and
presumably in other Streptomyces spp., which are essential for survival in the

drastically changeable soil environment.

Among the TCSs that are present in S. coelicolor, the AbsA1/A2 system is
the most studied. The absA locus, which encodes the sensor kinase AbsA1l and the
response regulator AbsA2, is located within the CDA biosynthetic cluster and was
shown to be pleotropic in that it controls not only the biosynthesis of CDA, but
also actinorhodin, undecylprodigiosin and methylenomycin, the four well-studied
antibiotics produced by S. coelicolor (Adamidis et al., 1990; Brain et al., 1996).
Transcript analysis showed that disrupting absA2 led to higher transcript levels of
actll-ORF4 and redD, which encode the pathway-specific activators in
undecylprodigiosin biosynthesis (Aceti and Champness, 1998). Recent work
further indicated that AbsA2 binds specifically to the promoter regions of actlI-
ORF4, cdaR and redZ (a transcriptional activator of redD) and binding was
enhanced when AbsA2 was phosphorylated (McKenzie and Nodwell 2007).
Although the signal recognized by AbsA1 is not known, the AbsA two-
component system negatively regulates antibiotic biosynthesis by repressing

transcription of pathway-specific activators.
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It is well known that the presence of inorganic phosphate in the environment
represses secondary metabolite production in a wide range of bacteria. In S.
lividans and S. coelicolor, this regulation is mediated through the PhoR/PhoP two-
component system. Deletion mutants of S. /ividans lacking either PhoP (the
response regulator) or both PhoR (the sensor kinase) and PhoP, overproduced
actinorhodin and undecylprodigiosin while production of PhoA, an extracellular
alkaline phosphatase encoded by phoA, was depressed (Sola-Landa et al., 2003).
This indicated that PhoP positively regulates PhoA production while it negatively
controls antibiotic production. It was proposed that under phosphate starvation,
PhoR undergoes autophosphorylation and then transfers its phosphate molecule to
PhoP. Phosphorylated PhoP can then exert its regulation, and this was confirmed
as phosphorylated PhoP induced expression of phoA (Martin, 2004). In the E. coli
and B. subtilis PhoR/PhoP system, PhoP~P activates transcription of target genes
by binding to consensus phosphate boxes (PHO boxes) located in the promoter
regions (Martin, 2004). Recent work revealed that PhoP~P represses afsS
transcription by binding to the PHO box located in its promoter region. AfsS,
encoded by afssS, was shown to induce actinorhodin and undecylprodigiosin
production (Floriano and Bibb, 1996; Martin and Liras, 2010; Santos-Beneit et
al., 2009; Vogtli et al., 1994). Interestingly, although actinorhodin and
undecylprodigiosin are under phosphate control in S. coelicolor, overproduction
of these antibiotics was not observed in a deletion mutant in phoP (Santos-Beneit
et al., 2009). This again reflected the idea that production of antibiotics is under

the control of extensive inter-connected regulatory networks.
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As mentioned before, the snk/resi/res2 atypical two-component system is
located in the paralogue gene cluster of S. clavuligerus, and was shown to affect
58 clavam biosynthesis (Zelyas, 2007; Figure 1.7). It is hypothesized that this
TCS controls 55 clavam biosynthesis through controlling transcription of ¢7p,

which encodes a putative pathway-specific transcriptional activator.

The regulatory systems described above form part of the complex regulatory
network controlling antibiotic production, but many more regulators and systems
may well be involved that have not yet been identified. With more information
being collected, a complete picture of how various regulatory circuits, which
govern morphological differentiation, secondary metabolite production and
nutrient utilization, are inter-connected to ensure proper timing of gene expression

will be revealed.

1.5 Thesis objective

Although two copies of ceaS genes, ceaSI and ceaS?2, exist in S.
clavuligerus, mutants in ceaS2 are severely impaired, and in some cases unable, to
produce clavulanic acid and 5S clavams (Tahlan ef al., 2004a). This drastic effect
from disrupting ceaS2 suggested that cross regulation may exist between ceaS?2
and ceaS1. Therefore, one main objective of this thesis was to characterize the
relationship between these two genes. In addition, the close proximity of the
enzymatic genes and regulatory genes (snk/resl/res2 two-component system and
c7p that encodes a transcriptional regulator) in the paralogue gene cluster (Figure

1.5) and their apparent effect on 5 clavam production suggested that the
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regulatory proteins they encode control expression of genes that are involved in
the “late” steps of 5S clavam biosynthesis. Studies were carried out to identify the
genes that are regulated by C7P and/or the two-component system. Identified
genes were further examined to assess if they are directly controlled by these
regulatory proteins. Finally, each component of the two-component system was
further characterized and the phosphorelay mechanism between these proteins

was analyzed.



Chapter 2

Materials and Methods
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2. Materials and Methods
2.1 Materials

Restriction endonucleases were purchased from Roche (Laval, QC) or
New England Biolabs Ltd. (NEB) (Mississauga, ON). Oligonucleotide primers
used were synthesized by Integrated DNA Technologies, Inc. (IDT) (Coralville,

IA).

Ampicillin (amp), kanamycin (kan), chloramphenicol (cam), penicillin G
(PenG) and thiostrepton (tsr) were purchased from Sigma-Aldrich Ltd. (Oakville,
ON). Apramycin (apr) was purchased from Provel Division Eli Lilly Canada Inc.
(Scarborough, ON). Dimethylsulfoxide (DMSO), lysozyme, isopropyl-p-D-
thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-B-D-galactopyranoside
(X-gal) were purchased from Sigma-Aldrich. [y->*P] ATP was purchased from

PerkinElmer, Inc. (Waltham, MA).

Bacto'™ agar, Bacto™™ yeast extract, Bacto'" tryptone, soluble starch,
ISP-4 medium, Trypticase Soy Broth (TSB) and malt extract were all purchased
from Difco Laboratories (Detroit, MI). All other chemicals used in this study were

of reagent grade.

PCR tubes (0.2 ml and 0.5 ml) and microcentrifuge tubes (1.5 ml) were
purchased from Axygen Inc. (Union city, CA). Aerosol Resistant Tips (ART®10,

20, 100 and 1000) were purchased from Molecular BioProducts, San Diego, CA.



All electrophoresis equipment was purchased from Bio-Rad laboratories
Ltd. (Mississauga, ON). Other materials and enzymes used in this study are

described along with their use in corresponding sections.

2.2 Bacterial strains and plasmids

Escherichia coli and Streptomyces clavuligerus strains used in this study
are listed in Table 2.1 and 2.2 respectively. Plasmid vectors used are listed in

Table 2.3.

2.3 Centrifugation and culture harvesting

All large scale centrifugations were carried out at 4°C with a Beckman
Model J2-21 centrifuge. E. coli cultures were harvested at 5,000 rpm with a JA-20
rotor when culture volume was 2-50 ml; otherwise, a JA-14 rotor was used for
large volumes. A Clinical centrifuge (International Equipment, Needham, MA) at
speed setting 7 was used to harvest S. clavuligerus cultures in 15 ml screw cap
polypropylene tubes (Corning Lifesciences, Lowell, MA). Microcentrifugations
were typically carried out at 14,000 rpm at 21°C with an Eppendorf 5415 C
microcentrifuge (Brinkmann Instruments Inc., Mississauga, ON). Exceptions are

stated in corresponding sections.

2.4 E. coli procedures

2.4.1 Culture media and growth conditions for E. coli

E. coli strains were grown in Lennox broth (LB) [1% (w/v) tryptone, 0.5%

(w/v) yeast extract, and 0.5% (w/v) NaCl; in some cases, 0.1% (w/v) glucose was
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added] at 37°C on a Cell Production Roller Drum (Bellco Biotechnology,
Vineland, NJ) or a G-24 Environmental incubator shaker (New Brunswick
Scientific Co., Edison, NJ). Solid LB medium with 1.5% agar (LBA) was used to
maintain plate cultures. Antibiotic-resistant strains of E. coli were grown in LB or
LBA supplemented with ampicillin (100 pg/ml), kanamycin (50 pg/ml),

apramycin (50 pg/ml), or chloramphenicol (25 pg/ml).

2.4.2 Storage of E. coli strains

All E. coli strains were maintained as frozen glycerol stocks. One milliliter
amounts of E. coli cultures that were grown for 16 hours in LB were harvested by
microcentrifugation. Supernatants were removed by aspiration and cell pellets

were then resuspended in 500 ul of sterile 20% glycerol and stored at -80°C.

2.4.3 Isolation of E. coli plasmid DNA

Plasmid DNA was primarily isolated from E. coli by using the alkaline
lysis method as described by Sambrook et al. (1989). Occasionally, a QIAprep
Spin Miniprep Kit was used to purify plasmid DNA by following the

manufacturer’s protocol (Qiagen, Mississauga, ON).

2.4.4 Electroporation of DNA into electrocompetent E. coli

All electrocompetent cells used in this study were prepared by previous
graduate students and were stored at -80°C (Zelyas, 2007). Prior to
electroporation, competent cells (40 ul) were slowly thawed on ice, after which

0.5 to 5 ul of DNA were added. Electroporation was carried out by placing the
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mixture in a 4°C 2 mm gap Disposable Electroporation Cuvette (Molecular
BioProducts) and pulsed using the Bio-Rad GenePulser II device set to 200 €, 25
uF and 2.5 kV. Immediately after the pulsing, 955 pl of 4°C LB was added and
the cell suspension was transferred to a 1.5 ml microcentrifuge tube and incubated
at 37°C for one hour for cell recovery. Aliquots of 100 ul and 900 pl (reduced to a
smaller volume by removing most of the supernatant after microcentrifugation)
were plated onto LB agar. If blue/white screening was used to detect insert
containing clones, 100 mM of IPTG and 40 pg/ml of X-gal were added along with

appropriate antibiotics to the agar plates.

2.5  Streptomyces procedures

2.5.1 Culture media and growth conditions for S. clavuligerus

S. clavuligerus strains were grown on MYM [0.4% (w/v) maltose, 0.4%
(w/v) yeast extract, 1% (w/v) malt extract, and 1.8% (w/v) agar] (Stuttard, 1982)
or ISP-4 plates at 28°C. Antibiotic-resistant strains of S. clavuligerus were grown
in media supplemented with apramycin (25 pg/ml), kanamycin (50 pg/ml), or

thiostrepton (5 pg/ml).

2.5.2 Storage of S. clavuligerus strains

AlLS. clavuligerus strains used in this study were maintained as frozen
spore stocks. Various strains were grown on ISP-4 medium for 7-14 days. Cell
biomass on plates was then scraped and transferred into 1 ml of 20% sterile
glycerol. Spore and mycelia mixtures were then placed into a Branasonic 42-

sonication bath (Branson cleaning equipment Co., Shelton, CN) for 1 minute to
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resuspend spores into the solution. Mixtures were then filtered through sterile

non-absorbent cotton wool to remove mycelia and stored at -80°C.

2.5.3 Introduction of DNA into S. clavuligerus

Plasmid DNA was introduced into S. clavuligerus by inter-generic
conjugation following the procedure as described by Kieser ef al. (2000). E. coli
ET12567/pUZ8002 carrying the plasmid DNA to be transferred was grown for 16
hours in LB at 37°C. One hundred microliters of the culture was used to inoculate
10 ml of LB. This larger culture was grown at 37°C until it reached an ODgg of
~0.4 - 0.6. Cells were then harvested, washed twice with 10 ml of 1/2 strength LB
to remove antibiotics added in the culture medium and resuspended in ~600 pl of
residual LB. S. clavuligerus spores (100 pl) were harvested in a microcentrifuge
and then resuspended in 500 pl of LB and heat-shocked at 50°C for 10 minutes.
After cooling to room temperature, heat-shocked spores were combined with 500
ul of the washed E. coli cell suspension. The mixture was microcentrifuged again
and most of the supernatant was removed. The pellet of the spore and E. coli cell
mixture was resuspended in the residual fluid and spread onto AS-1 medium
plates [0.1% (w/v) yeast extract, 0.02% (w/v) L-alanine, 0.02% (w/v) L-arginine,
0.05% (w/v) L-asparagine, 0.5% (w/v) soluble starch, 0.25% (w/v) NaCl, 1%
(W/v) NaySOy, and 2% (w/v) agar (pH 7.5)] (Baltz, 1980) supplemented with 10
mM MgCl; and incubated at 28°C for 16-20 hours. The plates were then overlaid
with 1 ml of water containing appropriate antibiotics to select for the transferred
plasmid and 0.5 mg of nalidixic acid (to obtain a final concentration of 20 pg/ml

in the plate). After 7-10 days of growth at 28°C, S. clavuligerus exconjugant
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colonies that appeared were patched onto MYM plates (Stuttard, 1982) containing

appropriate antibiotics for further growth.
2.5.4 Fermentation of S. clavuligerus

S. clavuligerus strains were grown in production media to determine
clavulanic acid and 58 clavam production. Twenty microliters (~10® spores) of
spore stocks were used to inoculate 25 ml of TSBS seed medium [3% (w/v)
trypticase soy broth and 1% (w/v) soluble starch] and incubated at 28°C and ~250
rpm in a Model G-25 rotary shaker (New Brunswick Scientific Co.). After 40
hours of growth, TSBS seed cultures (at 2% v/v) were used to inoculate 100 ml of
complex Soy medium [15 g/l soy flour, 47 g/l soluble starch, 0.1 g/l KH,POj,4, and
0.2 g/l FeSO4-7H,0, pH6.8] (Salowe ef al. 1990) or defined starch asparagine
(SA) medium [10 g/l soluble starch, 2 g/l asparagine, 21 g/l MOPS, 0.6 g/l
MgS0,4.7H,0, 4.4 g/l K;HPO4 and 1 ml of trace element solution (0.13%
CaCl,.3H,0, 0.1% FeS04.7H,0, 0.1% MnCl,.4H,0 and 0.1% ZnS0,4.7H,0), pH
6.8] (Salowe et al., 1990). Cultures were harvested after 48, 72 and 96 hours of
growth by centrifugation and the culture supernatants obtained were used for
antibiotic production analysis. Cells pellets were used for RNA isolation (section

2.5.5) or cell-free extract preparations as described in section 2.5.6.
2.5.5 RNA isolation

S. clavuligerus RNA used in this study was initially isolated by using the
modified version of the Kirby et al. (1967) method as described by Kieser et al.

(2000). RNeasy Protect Bacteria Midi kit (Qiagen) was later used for RNA
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isolation as one of the chemicals used in the Kirby’s mix was no longer available.
Liquid cultures from section 2.5.4 were harvested by filtering through a Whatman
#1 filter paper. For solid media, cultures were harvested by scraping mycelia that
had grown on cellophane discs placed on the surface of agar plates. When using
the modified Kirby method, cultures harvested were transferred into 4°C universal
bottles containing ~14 g of glass beads and 5 ml of double strength Kirby’s mix
[2% (w/v) sodium tri-isopropyl naphthalene sulphonate, 12% (w/v) sodium 4-
amino salicylate and 12% (v/v) neutral phenol buffered in Tris-HCI (pHS8.0)].

The bottles were vortexed vigorously for a total of 2 minutes, interchanging
between 30 seconds on ice and 30 seconds of vortexing to keep the cultures’
temperature at 4°C. Five milliliters of phenol/chloroform/IAA was added and
vortexed for another 1 minute as described above. Samples were then stored
frozen at -20°C until all samples were harvested and ready for downstream

processing.

Culture slurries were transferred to 10 ml polypropylene tubes and
centrifuged at 8,000 rpm for 5 minutes at 4°C. The aqueous layer was transferred
to a fresh 10 ml polypropylene tube containing 5 ml of phenol/chloroform/IAA.
Samples were then vortexed for 30 seconds and centrifuged at 8,000 rpm for 5
minutes at 4°C. Phenol/chloroform extraction was repeated until there was no
visible material at the interface. Total nucleic acids were precipitated by adding
1/10 volume of 3M NaOAC and 1 volume of isopropanol and stored at -80°C for
16 hours. Samples were centrifuged at 8,000 rpm for 10 minutes and pellets

obtained were rinsed with 98% ethanol, air dried and dissolved in 450 ul of H0.



Chromosomal DNA present in the samples was removed by adding 7.5 ul of
RNase-free DNase I (Roche) and 1/10 volume of 10 x DNase buffer provided
[400 mM Tris-HCI (Ph 7.9), 100 mM NaCl, 60 mM MgCl,, 10 mM CaCl,] and
incubated at 21°C for 30 minutes. The samples were then extracted with
phenol/chloroform and precipitated with 3M NaOAC and isopropanol as
described above, for 1 hour. Pellets were washed with 80% ethanol, air dried and
redissolved in 450 pl of H>O. The entire DNasel digestion procedure was repeated
to ensure chromosomal DNA was removed. Finally, the samples were extracted
twice with phenol/chloroform/IAA, followed by one chloroform extraction and
then precipitated with 3M NaOAC and isopropanol as described above. The
pellets were rinsed with 100 pl of 80% ethanol, air dried and redissolved in 100 ul

of HzO.

When using the RNeasy protect Bacteria midi kit, 5 ml of cultures were
first added to 10 ml of RN Aprotect bacteria reagent to stabilize RNA inside the
cells. RNA was then isolated by following the manufacturer’s protocol (Qiagen).
Before eluting RNA from the spin column, on-column DNase digestion was
carried out by adding 160 pl of DNase I diluted in RDD buffer supplied (Qiagen)
to the column and incubated at 21°C for 15 minutes. Columns were then washed

twice with RPE buffer provided and RNA was eluted with 150 ul of H,O.

Before the RNA preparations were precipitated in isopropanol for storage
at -80°C, two samples were taken in order to determine the RNA quality and

quantity.

63



64

2.5.6 Cell-free extract preparation

Cell-free extracts of various S. clavuligerus strains were prepared for
Western analysis. Five milliliters of S. clavuligerus cultures that were grown in
liquid Soy and SA media for 48 and 72 hours were harvested by centrifugation
and resuspended in 1 ml of lysis buffer [SO mM Tris-HCI (pH 7.4), 2 mM EDTA,
0.1% Triton X-100, 0.15 mg/ml lysozyme]. Cell suspensions were incubated at
37°C for 20 minutes and then sonicated 5 times for 15 seconds each time on a
setting of 15% with a 1/8” (3.175 mm) diameter microtip connected to the Model
500 Dismembrator (Fisher Scientific, Ottawa, ON). Cell debris was separated
from the soluble protein fraction by microcentrifugation for 10 minutes at 4°C.
Resulting supernatants were then aliquoted into 100 pl fractions and stored at -

80°C for future analysis.

2.6 Determination of antibiotic production

2.6.1 Clavulanic acid bioassay

A disc diffusion assay using Klebsiella pneumoniae ATCC 15380 as the
indicator organism was used to detect the presence of clavulanic acid in culture
supernatants from various S. clavuligerus strains (Mosher et al. 1999). For each
assay, two bioassay plates containing 150 ml TSB agar were inoculated with 250
ul of glycerol stock of the indicator organism. One of the two plates also
contained 6 pg/ml of penicillin G. Paper discs were placed onto the TSB agar
surface and 20 pl of S. clavuligerus culture supernatants were dispensed onto the

discs. Plates were then incubated for 16 hours at 37°C and the diameter of the



inhibition zones produced was measured and compared between the two plates.
Inhibition zones formed on plates with penicillin G were attributed to the presence
of clavulanic acid while the inhibition zones of the same sample formed on the

plate without penicillin G were due to factors other than clavulanic acid.
2.6.2 High performance liquid chromatography

High performance liquid chromatography (HPLC) was used to determine
and quantify the amounts of clavulanic acid and 5§ clavams present in S.
clavuligerus culture filtrates (Foulstone and Reading, 1982; Paradkar and Jensen,
1995). Culture supernatants were microcentrifuged for 5 minutes to remove
mycelia and insoluble material. For each culture supernatant, two 20 pl aliquots
were taken and transferred to fresh microcentrifuge tubes and diluted with 80 pl
of milliQ water. One of the two aliquots was imidazole-derivatized by adding 25
ul of 25% (w/v) imidazole (pH 6.8). For the other set, 25 pl of MilliQ water was
added. These underivatized samples served as a control to subtract background
absorbance that was not related to clavam compounds. Samples were then
incubated at 21°C for 15 minutes and microcentrifuged for 5 minutes to sediment
any insoluble material. For each sample, 100 ul was transferred to polypropylene
spring inserts (Fisher Scientific) which were then placed into HPLC screw neck

vials.

Fifty microliters of each sample was injected into a Phenomenex”
Bondclone 10p C18 (100 x 800 mm 10 micron) column (Phenomenex, Torrance,

CA) by using an automated Waters 2690 Separations Module. Absorbance
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spectrum was determined with a Waters 996 Photodiode Array Detector (Waters,
Milford, MA). Samples were analyzed by isocratic elution at a flow rate of 2
ml/minute. The mobile phase was composed of 100 mM NaH,PO, (pH 3.68,
adjusted with glacial acetic acid) + 6% (v/v) methanol. Each run was 15 minutes
in length and derivatized clavam compounds were detected by measuring the
absorbance at 311 nm. Data obtained were processed and analyzed with the

Waters Millenium®> Software (version 3.20; Waters, Milford, MA).
2.7 DNA methods
2.7.1 DNA quantification

Purified DNA was quantified by using the NanoDrop® ND-1000
Spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE.). In addition
to concentration, Ayeo:Azgo ratio of each sample was also provided by the machine
and was used to assess the purity of DNA samples. Oligonucleotide primers were
quantified by measuring A, with the UNICAM UV/Vis Spectrophotometer UV3

(ATI Unicam, Cambridge, UK).
2.7.2 Digestion and ligation reactions

Restriction digests were carried out according to manufacturer’s
recommendations (NEB and Roche). For standard subcloning, DNA was digested
with appropriate restriction enzymes for 2 hours. To prevent self-annealing,
vector DNA digested with a single restriction enzyme was 5° end
dephosphorylated after restriction digestion. Two units of shrimp alkaline

phosphatase (SAP) (NEB) was added to the reaction and incubated at 37°C for 15



minutes. SAP was then inactivated by heating at 65°C for 15 minutes. Restriction
enzymes were then inactivated by phenol/chloroform extraction and DNA was
recovered either by ethanol precipitation or purified from agarose gels after
fractionation by electrophoresis (Section 2.3.5). Ligation reactions were set up
according to manufacturer’s suggestions. In general, reactions were 10 to 30 pl in
volume with up to 1 pg of digested DNA, and 20 U of T4 ligase prepared in the
ligation buffer provided (NEB). The entire mixture was incubated at 16°C for 16
hours before electroporating (section 2.4.4) into appropriate host strains.
Typically, an insert to vector molar ratio of 3:1 was used when vector DNA and

insert DNA were similar in length, otherwise, a molar ratio of 1:1 was used.

PCR products were cloned using pCR®2.1-TOPO" kits according to the
manufacturer’s instructions (Invitrogen Inc., Burlington, ON). Briefly, 4 ul of
PCR product was mixed with 1 ul of the salt solution provided and 1ul of
pCR*2.1-TOPO® vector. The mixture was incubated at 21°C for 5 minutes. Two
microliters of the cloning reaction mixture was then mixed into a vial of thawed
One Shot® TOP10 E. coli chemically competent cells and incubated on ice for 5
minutes. Cells were heat-shocked for 30 seconds at 42°C followed by addition of
250 pl of SOC medium. Cells were then recovered and plated as described in

section 2.4.4.
2.7.3 Polymerase chain reaction

DNA fragments used for cloning and used as DNA probes for

electrophoretic mobility shift assays (EMSA) were produced by polymerase chain

67



reaction (PCR). PCRs were carried out using the Expand high fidelity PCR
system when the accuracy of the PCR product amplified was important. Reactions
were set up based on manufacturer’s recommendation (Roche). Each reaction was
50 pl in volume and contained 100-500 ng of plasmid DNA as template, 200 uM
of each ANTP, 5-15 pmol of each primer, 5% DMSO, 2.6 U of enzyme and 1/10
volume of 10 x buffer with 1.5 mM MgCl, supplied. In cases where fidelity of the
enzyme was less of a concern, 2.5 U of Taq DNA polymerase (supplied by the
Fermentation Service Unit, Department of Biological Sciences, University of
Alberta) and 1 x Taq buffer [SO mM Tris (pH9.0), 1.5 mM MgCl,, 0.4 mM (-
mercaptoethanol, 0.1 mg/ml BSA, 10 mM NH,SO,4 and 0.2 mM of each dNTP]
were used. Reactions were carried out in thin-walled 0.2 ml PCR tubes in a
TGradient thermocycler (Biometra, Goettingen, Germany), equipped with a
heated lid. The following cycling conditions were used: an initial denaturation
step for 2 minute at 96°C, followed by 25-30 cycles of 96°C for 30-60 seconds,
55-65°C for 30 seconds, and 72°C for 45 seconds-120 seconds. A final elongation
step was carried out at 72°C for 5 minutes. All oligonucleotides primers used in

this study are listed in Table 2.4.

2.7.4 Agarose gel electrophoresis

DNA fragments were subjected to electrophoresis on 0.8, 1 or 1.5 % (w/v)
agarose gels in 1 x TAE buffer system [40 mM Tris-Acetate and | mM EDTA
(pH 8.0)]. All gels were stained in ~2.0 pg/ml ethidium bromide in distilled water
for 15 minutes before they were exposed to UV light and photographed. DNA

samples were combined with 5 x loading buffer [60% (w/v) sucrose, 100 mM
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EDTA, 0.25% (w/v) bromophenol blue, 0.25% (w/v) ficoll orange, and 0.25%
(w/v) xylene cyanol] to aid in loading and to visualize migration of DNA in the
gel. Lambda phage DNA digested with Bs¢II or PstI was used as the molecular
weight marker. When size of the DNA fragment was crucial, GeneRuler 100 bp or

1 kb DNA ladder were used (Ferrnentas, Burlington, ON).

2.7.5 DNA purification from agarose gels

DNA fragments generated by PCR or restriction digestions were separated
on agarose gels. After electrophoresis, gels were stained with ethidium bromide
and DNA bands were visualized by exposing to UV light. A small block of
agarose gel containing the desired fragment of DNA was excised with a razor and
transferred into a 1.5 ml microcentrifuge tube. DNA was then purified from the

agarose gel by using the QIAquick Gel Extraction Kit (Qiagen).

2.7.6 Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis was used to examine DNA fragments
of less than 500 bp. DNA samples were combined with loading buffer and
electrophoresed on 6% polyacrylamide gels (37.5:1, acrylamide:N,N’-methylene
bisacrylamide), at 100Vfor 1.5 hours, using a 1 x TBE buftfer system [10.8 g/l Tris
base, 5.5 g/l boric acid and 2 mM EDTA (pH 8.0)]. GeneRuler 1 kb DNA ladder
(Fermentas) and A-Pst] were used as molecular weight standards. Gels were then
stained with ethidium bromide and DNA bands were visualized by exposing to

UV light.

2.7.7 DNA purification from polyacrylamide gels
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DNA fragments used for EMSA were purified from polyacrylamide gels
by using the “Crush and Soak” method as described in Sambrook et al. (1989).
Samples were electrophoresed and visualized as described in section 2.7.6. The
desired DNA band was excised and transferred to a 1.5 ml microcentrifuge tube,
crushed with a small pestle and soaked in elution buffer [0.5M ammonium
acetate, 10 mM magnesium acetate, | mM EDTA (pHS8.0) and 0.1% (w/v) SDS]
for 16 hours at 37°C. The solution was then filtered to remove any residual
polyacrylamide. DNA was ethanol precipitated twice, washed in 70% ethanol and

resuspened in 10 pl H,O.
2.7.8 DNA labelling

PCR probes for EMSA were 5’ end-labelled by using T4 polynucleotide
kinase (Roche). Fifty pmol or 200 ng of DNA was combined with 5 pl of [y->"P]
ATP, 20 U of kinase enzyme and 1 pl of 10 x kinase buffer [0.5 M Tris-HCI (pH
9.5), I mM spermidine, 100 mM MgCl,, 1 mM EDTA and 50 mM DTT) in a total
volume of 10 ul. Reaction mixtures were incubated at 37°C for 30 minutes (15
minutes after each 1 pl of kinase enzyme was added). Once the reaction was
complete, labelled DNA was separated from unincorporated labelled nucleotides

by ethanol precipitation and resuspended in 10 pl of 1/5 diluted TE buffer.
2.7.9 DNA sequencing

DNA sequencing was carried out by using the BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Foster city, USA). Each reaction

mixture (20 pl) contained 100-200 ng of PCR products or 400 ng of plasmid DNA
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as the template DNA. Five picomoles of primer, 2 pl of BigDye premix and 6 pl
of dilution buffer [200 mM Tris (pH9.0) and 5 mM MgCl,] along with DMSO to
give a final concentration of 5% were added to the reaction tube and subjected to
the following cycling conditions: 30 cycles of 96 °C for 30 seconds and 60 °C for
2 minutes. Once the cycling was complete, the entire contents was transferred to a
fresh 1.5 ml microcentrifuge tube with 2 pl of sodium acetate/EDTA buffer
added. After mixing, 80 pl of 95% (v/v) ethanol was added. The tube was
vortexed and incubated on ice for 15 minutes and then microcentrifuged for 15
minutes. DNA pellets were washed with 500 pl of 70% ethanol, air dried for 5
minutes and then sent to the Molecular Biology Service Unit (Department of
Biological Sciences, University of Alberta), where the sequence information was

determined.

2.8 RNA methods

2.8.1 RNA quantification

Purified RNA was quantified by using the NanoDrop® ND-1000
Spectrophotometer. Quality of RNA samples was determined by the Ajg0:Azso

ratio provided by the machine as well as agarose gel electrophoresis (section

2.7.4).

2.8.2 Reverse transcriptase polymerase chain reaction

Reverse transcriptase-polymerase chain reaction (RT-PCR) was carried
out to determine transcription profiles of various S. clavuligerus strains. First

strand cDNA synthesis in two-step RT-PCR was carried out by using Superscript
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IIT (SSII) reverse transcriptase (Invitrogen). Reactions were set up according to
manufacturer’s suggestions with the following changes: 1 ug of total RNA, 5%
DMSO and 0.5ul of SSIIT (200 U/pul) were used in all RT reactions. The second
step PCR reactions were set up as described in section 2.7.3 except that 10 pl of
RT product from above and 25 pmol of each primer were used. When all
components were added to the reaction tube, the mixture was aliquoted into two
25 ul volumes; one was subjected to 25 cycles of amplification and the other one
subjected to 30 cycles of amplification. Negative control reactions were set up by
repeating the experiment with the same RNA preparations but without carrying
out the RT step, to confirm that the results obtained were not due to chromosomal
DNA contamination. Amplification of the RT product of 4rdB, which encodes a
constitutively expressed sigma factor, was also carried out to assess the quality

and quantity of each RNA preparation.

2.9 Protein methods

2.9.1 Protein quantification

Protein concentration of each sample used in this study was measured by
using the Bio-Rad protein assay (Bio-Rad), which is based on the protein-dye
binding assay as described by Bradford (1976). A standard curve was constructed
with bovine gamma globulin and Asgs of each sample was determined by using

the UNICAM UV/Vis Spectrophotometer UV3.

2.9.2 SDS-Polyacrylamide gel electrophoresis



Protein samples were analyzed through discontinuous SDS-
polyacrylamide gels except for EMSAs, for which non-denaturing continuous gels
were used. Gels were cast by using the Mini-PROTEAN 3 apparatus (Bio-Rad)
and the stacking gels were composed of 4% (v/v) acrylamide:N,N’-methylene
bisacrylamide (37.5:1), 125 mM Tris-HCI (pH 6.8), 0.1% (w/v) SDS, 0.1% (v/v)
TEMED, and 0.05% (w/v) ammonium persulfate. Resolving gels were composed
of 8-15% (v/v) acrylamide:N,N’-methylene bisacrylamide (37.5:1), 375 mM Tris-
HCI (pH 8.8), 0.1% (w/v) SDS, 0.05% (v/v) TEMED, and 0.5% (w/v) ammonium
persulfate. Gels were run in 1 x running buffer (14.34 g/I glycine, 3.03 g/l Tris
base and 1 g/l SDS) at 200 V for 1 hour at 4°C. Protein samples were combined
with 5 x sample buffer [62.5 mM Tris-HCI (pH 6.8), 10% (v/v) glycerol, 2 %
(w/v) SDS, 720 mM B-mercaptoethanol, and 0.00125% (w/v) bromophenol blue]

and heated at 95°C for 4 minutes before loading.

After electrophoresis, gels were stained with Phast Coomassie stain [0.1%
(w/v) PhastGel Blue R Stain, 30% (v/v) methanol, and 10% (v/v) glacial acetic
acid] for at least one hour and then destained overnight in 30% (v/v) methanol and
10% (v/v) glacial acetic acid. After destaining, gels were soaked in 10% (v/v)
glacial acetic acid and 5% (v/v) glycerol and then preserved in

BioDesignGelWrap (BioDesign Inc., Carmel, NY).

2.9.3 Overproduction of CeaS1 and CeaS2

E. coli BL21 (DE3) carrying pET-9c-ceaS! or pET-24a-ceaS2 was used to

inoculate 2.5 ml of LB medium. Cultures were incubated at 37°C for 16 hours and

79
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0.5 ml was used to inoculate 25 ml of LB. These larger cultures were incubated at
37°C until ODggo reached ~0.6. At this point, 0.5 mM IPTG was added and
cultures were further incubated at 37°C for 4 hours to induce protein expression.
Cells were then harvested and disrupted as described in section 2.5.6. Since
proteins were insoluble and present as inclusion bodies, samples were
microcentrifuged and supernatant was decanted. Pellets were resuspended in 1 ml
of 50 mM Tris (pH 8.0) and stored at -80°C and were used as protein standards for

Western analysis.

2.9.4 Overproduction of Snk-His; and Res2-His;

E. coli BL21 (DE3) carrying pT7-7His-snk or pT7-7His-res2 plasmid was
grown for 16 hours in 10 ml of LB medium at 37°C. The entire culture was used
to inoculate 200 ml of LB and then incubated at 37°C until ODgg reached ~0.6.
At this point, 0.4 mM of IPTG was added and further incubated at 37°C for ~5
hours to induce protein expression. Cultures were harvested by centrifugation at
5,000 rpm for 20 minutes. Culture supernatants were poured off and cell pellets

were stored for 16 hours at -20°C.

The same procedure described above was used to over express the mutated
version of Snk-His; and Res2-His7 except that E. coli BL21 (DE3) carrying pT7-

THis-snk-SD or pT7-7His-res2-SD was used.

2.9.5 Overproduction of His;o-Res1, His;o-Res1-SD and His;o-C7P

A similar procedure as described above was used to over express Hisjo-

Res1, Hisjg-Res1-SD and His;o-C7P by E. coli BL21 (DE3) carrying pET-19B-



resl, pET-19B-res1-SD and pET-19B-c7p respectively, but with the following
changes. To induce protein expression, | mM IPTG was added to the medium
once the culture ODg reached ~0.6. During induction, these cultures were
incubated at 21°C for ~7 hours and harvested by centrifugation at 5,000 rpm for

20 minutes. Cell pellets were stored overnight at -20°C.

2.9.6 Overproduction of MBP-Res1 and MBP-Res?2

MBP-Res1 and MBP-Res2 fusion protein were over expressed using a
similar procedure as described above with E. coli BL21 (DE3) carrying pMal-res|
or pMal-res2. LB medium was supplemented with glucose (2 g/l) to inhibit
amylase production by the E. coli host strain to prevent degradation of the
amylose resin that was used in downstream process to purify fusion proteins
(NEB). To induce protein expression, 0.3 mM of IPTG was added to the medium
once the culture ODgog reached ~0.5. These cultures were further incubated at
37°C for 2 hours and harvested by centrifugation at 5,000 rpm for 20 minutes.
Cell pellets were resuspended in 5 ml of column buffer [20 mM Tris-HCL
(pH7.4), 200 mM NaCl, ]| mM EDTA and 1 mM DTT] and stored overnight at

-20°C.

2.9.7 Purification of His-tagged proteins

To purify the His-tagged proteins from E. coli cells, pellets were first
thawed on ice for 10 minutes and resuspended in 5 ml of lysis buffer (50 mM
NaH,PO,, 300 mM NaCl, 10 mM imidazole, pH8.0) supplemented with 1 mg/ml

of lysozyme. Cell suspensions were incubated on ice for 30 minutes and then
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sonicated 6 x 15 seconds on setting of 25% with a ¥4 (6.35 mm) diameter
microtip. Samples were centrifuged at 9,000 rpm for 20 minutes to remove
insoluble cell debris and clarified cell lysates were transferred to 15 ml

polypropylene tubes.

One milliliter of 50% nickel-nitrilotriacetic acid (Ni-NTA) resin slurry
(Qiagen) was added to the supernatants and incubated on ice on a rotary shaker
for 60 minutes to facilitate the binding of His-tagged proteins to the resin. The
mixture was then loaded into a column, which was made by filling a 5 ml syringe
with non-absorbent cotton wool. The mixture was washed twice with 4 ml of
wash buffer [S0 mM NaH,PO,4, 300 mM NaCl, and 20 mM imidazole (pH 8.0)].
Bound His-tagged proteins were eluted from the resin with 0.5 ml fractions of
elution buffer (50 mM NaH,PO,, 300 mM NaCl, 50-250 mM imidazole, pHS.0).
Fractions collected were analyzed by SDS-PAGE (Section 2.9.2) and those
carrying the desired protein were pooled and concentrated down to ~50 ul by
centrifugation with Amicon® Centricon®-10 concentrators (Millipore, Billerica,
MA) at 6,500 rpm at 4°C. The concentrated solution was adjusted to ~500 ul with
protein storage buffer [10 mM Tris-HCI (pH 8.0), 0.1% CHAPS, 0.1 mM DTT,
0.1 mM EDTA, 0.3 M NaCl, and 30% glycerol] and aliquoted into 50 pl fractions

and stored at -80°C.
2.9.8 Purification of MBP fusion protein

Cell suspensions stored at -20°C (Section 2.9.6) were thawed on ice for 10

minutes and then sonicated 6 times for 15 seconds on a setting of 25% with a '4”



(6.35 mm) diameter microtip. Crude cell lysates were centrifuged at 9,000 rpm for
20 minutes to remove insoluble materials. MBP fusion proteins were then purified
according to the manufacturer’s recommendations (NEB). Clarified cell lysates
were diluted 1:6 with column buffer (as described in section 2.9.6) and loaded
onto columns. Prior to loading, 1 ml of amylose resin (NEB) was poured into a
column (set up as described above) and washed with 5 ml of column buffer. After
loading, resin was washed with 12 ml of column buffer to remove unbound
proteins. Bound MBP fusion protein was eluted with column buffer supplemented
with 10 mM maltose. Ten 1 ml fractions were collected and analysed by SDS-
PAGE. Identified fractions that contained the desired protein were pooled together
and subjected to the same treatment as described above and stored at -80°C for

future analysis.

Maltose present in the elution buffer must be removed in order to carry out
some of the assays performed in this study. For those procedures, the desired
protein was further purified by FPLC through an anion exchange column.
Fractions identified from above were first pooled and diluted 1:3 with buffer [20
mM Tris-HCI (pH 7.8) and 10% glycerol] then loaded onto a HiLoad 26/10 Q
Sepharose High Performance column (GE healthcare Bio-Sciences, Uppsala,
Sweden). The column was washed with 1 column volume of washing buffer [20
mM Tris-HCI (pH 7.8), 50 mM NaCl, 0.1 mM DTT and 10% glycerol] and eluted
with elution buffer (washing buffer with increasing concentration of NaCl, up to
2M). Ajgo of collected fractions was monitored to follow protein elution and

fractions that might contain the desired protein were analyzed by SDS-PAGE.
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Identified fractions were pooled and subjected to the same treatment as described

in section 2.9.7 and stored at -80°C for future analysis.
2.9.9 In vitro phosphorylation assays

In vitro phosphorylation assays were carried out to determine the
phosphorylation status of various proteins. Each reaction mixture composed of 2
uM of Snk-His; protein and 6 uM of Hisjp-Res1 or Res2-His; protein. However,
when all 3 proteins were present in the same reaction mixture, only 3 uM of
Hisjo-Res1 and Res2-His; were used. In addition to appropriate protein amounts,
each 20 pl reaction also contained 4 ul of 5 x kinase buffer [SO0 mM Tris-HCI (pH
8.0), 2 mM DTT, 50 mM KCI, 0.1 mM MgCl, and 10% (v/v) glycerol], 60 uM
ATP and 2 pCi [y-2P] ATP. Kinase reactions were carried out at 30°C for 30
minutes. Reactions were stopped by placing the reaction tubes on ice and adding 5
ul of 5 x SDS-PAGE sample buffer. The entire mixtures were then run into 15%
polyacrylamide gels. The resulting gels were dried with a Model 583 Gel Dryer
(Bio-Rad) for 45 minutes at 80°C and exposed to a BAS cassette 4043 phosphor
screen (Fujifilm, Tokyo, Japan) for 16 hours. The image was developed in an

Image Reader FLA-5000 phosphorimager (Fujiflim, Tokyo, Japan).
2.9.10 Phospho-transfer assays

MBP-Res1 was first phosphorylated with Snk-His; as described above in a
500 pl reaction mixture. A total of 450 pul of amylose resin resuspended in 1 x
kinase buffer was then added to the reaction tube and incubated on ice. After 15

minutes, reaction tubes were microcentrifuged for 2 minutes. Supernatant was



decanted and pelleted resins were washed 4 times with 800 pul 1 x kinase buffer.
Bound phosphorylated MBP-Res1 was then eluted from the resin by adding 150
ul of kinase buffer supplemented with 1 mM maltose and incubated on ice for 15
minutes. The mixture was then subjected to microcentrifugation and supernatant
containing phosphorylated MBP-Res1 was transferred to a fresh 1.5 ml
microcentrifuge tube. Kinase reactions were then set up by mixing 15 pl of
phosphorylated MBP-Res1 with Res2-His; (final concentration, 6 uM; volume

adjusted to 20 pl with 1 x kinase buffer) and incubated at 30°C for 30 minutes.

MBP-Res2 was phosphorylated with Snk-His; as described above in a 250
ul reaction mixture. A total of 250 pl (two 125 pl volumes) of Ni-NTA resin
slurry resuspended in 1 x kinase buffer was added. After each addition, the
reaction tube was incubated at 4 °C for 10 minutes and then microcentrifuged for
1 minute to sediment the Ni-NTA resin, whereupon the supernatant containing
phosphorylated MBP-Res2 was transferred to a fresh 1.5 ml microcentrifuge tube.
Kinase reactions were then set up by mixing 15 ul of phosphorylated MBP-Res2
with Hisjp-Res1 (final concentration, 6 uM; volume adjusted to 20 pl with 1 x

kinase buffer) and incubated at 30°C for 30 minutes.

Once the kinase reactions from above were complete, reaction tubes were
placed on ice and combined with 5 pl of SDS-PAGE sample buffer. The entire
reaction mixtures were loaded onto 12% polyacrylamide gels. Resulting gels were
dried and exposed for 16 hours to a phosphor screen. Images were developed as

described above.
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2.9.11 In vitro dephosphorylation assays

Twelve microliters of the supernatant containing phosphorylated MBP-
Res2 purified from section 2.9.10 was added to Hisjo-Res1 (final concentration, 6
uM; adjusted to 20 pl with kinase buffer). The 20 ul reaction mixture was
incubated at 30°C for 1, 5, 20, 60, or 300 minutes, and the reaction was stopped
by adding 5 ul of SDS-PAGE sample buffer. The reaction products were resolved
on a 12% polyacrylamide gel. Resulting gels were dried and images were

obtained as described in section 2.9.9.

2.9.12 Western analysis

Ten micrograms of cell-free extract protein from each test strain was
subjected to Western analysis. Each sample was combined with SDS-PAGE
sample buffer and heated at 95°C for 4 minutes and subjected to SDS-PAGE
(section 2.9.2). After electrophoresis, separated proteins were transferred to
Hybond-P PVDF membranes (Amersham) at 4 °C in transfer buffer composed of
25 mM Tris (pH8.3), 192 mM glycine and 20% methanol. Transfers were carried
out at 30V for 16 hours by using the mini-Trans-Blot apparatus (Bio-Rad). PVDF
membranes were first pre-wetted by soaking in methanol and then equilibrating in
transfer buffer for at least 15 minutes. Gels with the separated proteins were also

equilibrated in transfer buffer for 15 minutes prior to transfer.

Protocols and reagents from the ECL Western blotting analysis system
were used to detect proteins of interest (Amersham BioSciences, Uppsala,

Sweden) with minor changes as stated below. Membranes were rinsed with wash



buffer [0.02 M Tris-HCI (pH 7.6), 0.14 M NaCl and 0.1% Tween 20] and blocked
overnight at 4°C with blocking buffer (10% non-fat dried milk in wash buffer).
Primary antibody was added at a dilution of 1/5,000 to 1/15,000 in 25ml of
blocking buffer and incubated at 21°C for 1 hour on an orbital shaker. Primary
polyclonal antibodies were obtained from rabbits injected with proteins purified
by SDS-PAGE, using standard methods as described by Sambrook et al. (1989).
Horseradish peroxidise-linked anti-rabbit IgG isolated from donkey, as provided
in the kit was added at a dilution of 1/10,000 to 1/15,000 in 25 ml blocking buffer
and incubated at 21°C for 1 hour. The blot was rinsed and washed 1 x 15 minutes

and 3 x 5 minutes with wash buffer after incubation with each antibody.

Six milliliters of the supplied detection reagent was dispensed onto the
blot and incubated at 21°C for 1 minute. Excess reagent was drained off and the
blot was wrapped in Saran wrap and exposed to Kodak BioMax light X-ray film
(GE Healthcare) for 10 to 20 minutes. Films were then developed by using the

Fuji RGII X-ray film processor (Fuji Photo Film Co., Tokyo).
2.10 DNA-Protein interactions
2.10.1 Electrophoretic mobility shift assays

Electrophoretic mobility shift assays were carried out to determine the
ability of Res2 or C7P to bind DNA. DNA fragments of potential targets as
determined by RT-PCR were generated by PCR, purified from polyacrylamide
gels by the “crush and soak” method and **P end-labelled (section 2.8.2, 2.7.3,

2.7.6,2.7.7 and 2.7.8, respectively). Reactions were set up in a total volume of 20
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ul by mixing 20 fmol of each labelled fragment with 0-100 pmol of purified
protein in a buffer containing 10 mM Tris-HCI (pH 8.0), | mM DTT, 10%
glycerol, 150 mM NaCl and 1 pg of poly d(I-C). Binding reactions were carried
out at 21°C for ~25 minutes. Reaction products were then separated on 1.5%
glycerol containing 6-10% non-denaturing polyacrylamide gels (37.5:1
acrylamide:N,N’-methylene bisacrylamide) in 1 x Tris-glycine buffer system
(3.03 g/l Tris base, 14.3 g/l glycine, 0.39 g/l EDTA, pH 8.3). Before the samples
were loaded, gels were pre-run at 200V for ~1 hour. Electrophoresis was then
carried out at 120-150V for ~30 minutes at 4°C to separate bound and free DNA
probes. Gels were then dried for 45 minutes, placed on phosphor screen and
exposed for 16 hours. The images were developed in an Image Reader FLA-5000

phosphorimager.

Control reactions were also carried out by setting up reaction mixtures as
described above, but with 5 and 50 x molar excess of unlabelled DNA probe
added to the binding reactions for specific competition. For non-specific
competition, 5 and 50 x molar excess of unlabeled non-specific DNA (a 350 bp
hrdB fragment amplified by using primers hrdB RT-forward and hrdB RT-reverse
and S. clavuligerus genomic DNA as the template) were added to the binding

reactions.

2.11  Confocal Microscopy

S. clavuligerus strains carrying the egfp reporter construct were grown in

TSBS for 40 hours and 500 pl of the resulting cultures were then used to inoculate



25 ml of Soy medium. After 48 h of growth, 1ml of the cultures were harvested
by microcentrifugation, and then washed once with an equal volume of
acetonitrile and twice with dH,O. The washed cells were resuspended in 500 pl of
40% glycerol and 10 pl amounts were loaded onto a microscope slide and
mounted with a microscope cover slip. The edges of the cover slips were sealed

with clear nail polish before observation.

Confocal microscopy was carried out using a Leica DM IRB Inverted
microscope. An argon laser with 50-52% attenuation was used to provide
excitation at 488 nm and EGFP excitation was detected between 500 nm to 520
nm. Corresponding Differential Interference Contrast (DIC) images were also

obtained.

2.12  Software and web sources used for analysis

GeneTools version 2.0 (BioTools Inc., Edmonton, AB) was used to
identify restriction sites within DNA sequences. Lasergene version 7.1
(DNASTAR Inc., Madison, WI) was used for sequence editing, alignment and to
locate restriction sites. It was also used to calculate the molecular weight of
various proteins. Similarity searches were performed by using the BLAST
program (Altschul ef al. 1990; Gish and States, 1993) available at the National
Institute for Biotechnology Information (http://www.ncbi.nlm.nih.gov/BLAST/).
OligoAnalyzer version 3.1 (IDT) was used to design and analyze oligonucleotide

primers.
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3. Results

3.1  Analysis of the regulation of ceasS involved in clavam biosynthesis

Carboxyethylarginine synthase (CeaS), which is encoded by ceaSI and
ceaS2, catalyzes the first reaction involved in clavam production. Since first
enzymes of biosynthetic pathways are typically subjected to tight regulation, CeaS
is a likely control point for regulating production of clavulanic acid and 5S

clavams in S. clavuligerus.

In a previous study, a ceaS2 mutant constructed by inserting an apramycin
resistance gene cassette into ceaS2 (ceaS2::apra) was found to be severely
compromised in clavam biosynthesis (Jensen et al., 2000). As ceaS2, bls2 and
pah? are transcribed together as a polycistronic transcript (Paradkar and Jensen,
1995), it was initially proposed that the severe phenotype was due to the insertion
of the apr gene cassette, which could have polar effects on transcription of the
downstream genes. As a result, a new ceaS2 mutant was prepared by replacing the
apr gene cassette in ceaS2::apra with a frame shift mutation (ceaS2-Fs) to
alleviate polar effects (Tahlan, 2005). However, a similar phenotype was observed
and so it was proposed that, either polarity still remains an issue, or that the
truncated form of CeaS2 produced may interfere with other biosynthetic enzymes,
thus affecting production of clavam metabolites. Therefore, AceaS2::apra was
constructed by replacing the entire ceaS2 gene with the apr gene cassette to
eliminate the possibility of production of truncated CeaS2 protein. In view of the

fact that the apr gene cassette may still exert polar effects on downstream genes,
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AceaS?2 in-frame (IF) was also prepared by removing the gene cassette and thus
leaving just an unmarked in-frame deletion. This AceaS2-1F mutant was expected
to have the least potential to cause polar effects on expression of downstream bls2
and pah2. Nonetheless, all four ceaS2 mutants: AceaS2-1F, AceaS2::apra, ceaS2-
Fs and ceaS2::apra were still severely compromised or incapable of producing
clavulanic acid (Table 3.1) or 55 clavams (data not shown). This is unexpected
because both CeaS1 and CeaS2 catalyze the same reaction and disruption of
ceaS2 would be expected to leave the functional copy of ceaS! to support S.
clavuligerus to continue synthesizing clavulanic acid. Moreover, since ceaS2,
pah2 and cas?2 are genes involved in the early steps of clavam biosynthesis, by
disrupting ceaS2, we would expect ceaS2 mutants to have a phenotype similar to
those of pah2 or cas2 mutants, where reduced levels but not a complete loss of

clavulanic acid production, was observed (Jensen et al., 2000).

This much more severe phenotype of the ceaS2 mutants suggested that cross
regulation is taking place between ceaS/ and ceaS2. As a first step in
understanding how ceaS may regulate clavam biosynthesis, a study was
undertaken to investigate the potential cross regulation between ceaSI and ceaS?2
and to determine if disrupting ceaS2 caused a polar effect and influenced

transcription of downstream genes.

3.1.1 Overproduction of CeaS1 and CeaS2

CeaS1 and CeaS2 proteins were required for use as protein markers for

subsequent Western analyses and were over produced as described in section



Table 3.1. Bioassay using Klebsiella pneumonia ATCC 15380 as the indicator

organism to detect clavulanic acid production by various S. clavuligerus mutants

after 48 hours of growth in Soy or SA media.

Strain Clavulanic acid Clavulanic acid
production in Soy production in SA
medium (in pg/ml) medium (in pg/ml)

Wild type 158 53

AceaS2-1F 0 0

AceaS2::apra 13 0

ceaS2-Fs 0 0

ceaS2::apra 0 0

AceaS1::apra 128 30

AceaS2-C 0 0

AceaS2-C2-9 73 36.5

bls2::apra 24 0

bls1::tsr 106 25

AceaS1::apra/ceaS2-Fs 0 0

Double bls 0 0
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2.9.3. Sixteen hour cultures of E. coli BL21(DE3) carrying pET-9c-ceaS| or
pET-24a-ceaS2 (Table 2.3) were used to inoculate 25 ml of TSBS medium.
Once the culture ODgg reached ~0.6, expression of ceaS1 and ceaS2, as driven
by a T7 promoter, was initiated by adding 0.5 mM IPTG to the cultures to
induce production of T7 RNA polymerase, and incubating at 37°C for 4-6
hours. After induction, cells were harvested, frozen overnight, lysed with
lysozyme and sonicated to release the overproduced protein. Crude lysates
were centrifuged to sediment insoluble cell matter. Since induction of wild
type CeaS proteins resulted in the production of insoluble inclusion bodies
localized in the cytoplasm (Figure 3.1.1 and observation under microscope,
data not shown), the insoluble protein fraction was stored at -80°C and used for

later studies.

3.1.2  Cross reaction of anti-CeaS2 antibody with CeaS1 protein

As mentioned in Section 3.1.1, CeaS1 and CeaS2 obtained through high
level expression in E. coli were insoluble. The optimum amount used for each
Western analysis was therefore determined empirically. In addition, only anti-
CeaS2 antibody was available for use in these studies. As sequence comparison
revealed a high similarity between CeaS1 and CeaS2 (67% identity, 80%
similarity) (Tahlan, 2005), Western analysis was carried out to determine if anti-
CeaS2 antibody can cross react with CeaS1 protein. Single protein bands
corresponding to CeaS2 and CeaS1 (Figure 3.1.2) were observed on the
developed x-ray film in the most diluted samples when cell-free extracts (CFEs)

from the CeaS2 and CeaS1 overproducing E. coli strains were examined. This
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Figure 3.1.1. Overproduction of CeaS1 and CeaS2 from E. coli BL21(DE3)
carrying pET9c-ceaSI and pET24a-ceaS2, respectively. Samples were analyzed

by SDS-PAGE with the use of precast PhastGel Gradient 8-25% and proteins

were visualized by staining with Coomassie blue. (A) soluble protein fractions. (B)

insoluble cell matter.
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Figure 3.1.2. Western analysis of CeaS1 and CeaS2. Cell-free extracts were
isolated from E. coli BL21(DE3) carrying (A) pET-24a-ceaS2 or (B) pET-9c-
ceaS1. Series of dilutions of CFE were electrophoresed on 8% SDS-PAG to
determine the optimal amount to use as a protein standard for subsequent Western
analyses. Samples were separated on 8% SDS-PAG and transferred to PVDF
membranes. Membranes were then incubated with rabbit anti-CeaS2 polyclonal
antibodies, followed by incubation with horseradish peroxidase-conjugated,
donkey anti-rabbit secondary antibodies. The membranes were exposed to x-ray

film for 5-10 minutes after treatment with enhanced chemiluminescence reagents.
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indicated that both proteins can be detected by anti-CeaS2 antibody. For
subsequent Western analyses, 5 pul of the appropriately diluted CFEs were used as
the protein standard. In addition, under the electrophoresis conditions used, when
the gels were electrophoresed until the bromophenol blue indicator present in the
SDS-PAGE sample buffer ran completely off the gel, CeaS1 could be resolved
from CeaS2, despite the fact that they are very similar in molecular weight (59

and 61 kDA, respectively).

3.1.3 Western analyses to detect CeaS1 and CeaS2 production

To investigate the unexpected observation that ceaS2 mutants
cannot produce clavam metabolites, Western analyses using CeaS-specific
polyclonal antibodies were carried out to examine CeaS1 production in
these mutants. CFEs from wild type S. clavuligerus, AceaS2-1F,
AceaS2::apra, ceaS2-Fs, ceaS2::apra, AceaSI::apra and
AceaS1::apra/ceaS2-Fs mutants (Table 2.2) were obtained after growth for
48 and 72 hours in Soy and SA media. Proteins were then separated on 8%

SDS-PAG and transferred to PVDF membranes.

After overnight transfer, the membranes were first incubated with rabbit
anti-CeaS antibody at 1:15,000 dilution and then incubated with 1:15,000 diluted
horseradish peroxidase-conjugated, donkey anti-rabbit secondary antibodies. The
membranes were exposed to x-ray film for 5-10 minutes after treatment with

enhanced chemiluminescence reagents.



Protein bands representing CeaS2 and CeaS1 were observed when CFE of
wild type S. clavuligerus grown in Soy medium was subjected to Western
analysis, but only the CeaS2 band was observed in CFE from cells grown in SA
medium (Figure 3.1.3). This is in consistent with findings from previous studies
that ceaS1 is regulated differently from ceaS2 and is not transcribed in SA
medium (Tahlan et al., 2004). As expected, the protein band corresponding to
CeaS2 could not be observed when CFEs of the four ceaS2 mutants grown in Soy
or SA media were subjected to analysis (Figure 3.1.4). Surprisingly, the protein
band representing CeaS1 was also not observed in these mutants when grown in
Soy medium (Figure 3.1.4). This indicated that all of the ceaS2 mutants
mentioned above were unable to produce CeaS1 even though the ceaSI gene was
still intact. This profile is similar to the phenotype observed from a ceaSI/ceaS2
double mutant (Figure 3.1.4). On the other hand, the CeaS2 band was observed on
the developed x-ray film when CFEs of the AceaS!::apra mutant that was grown
in Soy and SA media were subjected to Western analysis indicating that

disrupting ceaS1 has no effect on ceaS2 expression (Figure 3.1.5).

When CFE of WT S. clavuligerus grown in Soy medium was subjected to
Western analysis, a protein band of unknown identity was observed between the
CeaS2 and CeaS1 bands (Figure 3.1.3). Since this band was also present in a
ceaSI mutant (Figure 3.1.5), but it was not observed in ceaS?2 or ceaS1/ceaS?2
double mutants (Figure 3.1.4), this band is believed to be an alternatively
processed, or degradation product of CeaS2. In order to minimize protein

degradation, a cocktail of protease inhibitors was added when preparing CFEs
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Figure 3.1.3. Western analysis of CeaS using cell-free extracts isolated from wild
type S. clavuligerus grown either in liquid complex soy (Soy) or defined starch
asparagine (SA) medium. Ten microgram amounts of total cellular protein were
separated on 8% SDS-PAG and transferred to PVDF membranes. Equal volume
(5 pl) of diluted CeaS1 and CeaS2 overproducing E. coli CFEs were mixed and
used as the protein standard. Membranes were then incubated with rabbit anti-
CeaS2 polyclonal antibodies, followed by incubation with horseradish peroxidase-
conjugated, donkey anti-rabbit secondary antibodies. The membranes were
exposed to x-ray film for 5-10 minutes after treatment with enhanced

chemiluminescence reagents.
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Figure 3.1.4. Western analysis of CeaS in ceaS2 mutant strains and ceaS1/ceaS2
double mutant. Cell-free extracts were isolated from Soy or SA grown cultures of
(A) AceaS2-IF, (B) AceaS2::apra, (C) ceaS2-Fs, (D) ceaS2::apra and (E)
AceaS1::apra/ceaS2-Fs. Ten microgram amounts of total cellular protein were
separated on 8% SDS-PAG and transferred to PVDF membranes. Membranes
were then incubated with anti-CeaS2 polyclonal antibodies from rabbit, followed
by incubation with horseradish peroxidase-conjugated, donkey anti-rabbit
secondary antibodies. The membranes were exposed to x-ray film for 5-10

minutes after treatment with enhanced chemiluminescence reagents.
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Figure 3.1.5. Western analysis of CeaS in ceaS/ mutant strains. Cell-free extracts
were isolated from Soy or defined SA grown cultures of AceaS!::apra. Ten
microgram amounts of total cellular protein were separated on 8% SDS-PAG and
transferred to PVDF membranes. Membranes were incubated with anti-CeaS2
polyclonal antibodies obtained from rabbit, followed by incubation with
horseradish peroxidise-conjugated, donkey anti-rabbit secondary antibodies. After
being treated with enhanced chemiluminescence reagents, membrane was exposed

to x-ray film for 5-10 minutes.
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from the various strains. However, no significant improvement was found. As
mentioned before, CeaS catalyzes the first reaction in the clavam production
pathway, and first enzymes are typical control points for biosynthetic pathways, it
might have an intrinsically high turn-over rate. As a result, degraded CeaS may
already be present in the cells when samples were taken at 48 and 72 hours post

inoculation into the production media.

Overall, the results obtained from Western analyses correspond with the
observation that clavulanic acid production was abolished, as determined by
clavulanic acid bioassay (Table.3.1), in all of the various ceaS2 mutants, as
neither CeaS1 nor CeaS2, which catalyze the first reaction involved in clavam

biosynthesis, were produced.

To examine this effect further, cell free extracts from AceaS2-C and
AceaS2-C2-9 (Table 2.2), which represent the AceaS2-IF mutant carrying a copy
of ceaS2 alone or an ~11kb DNA fragment carrying all of the early genes required
for clavulanic acid biosynthesis including ceaS2 and flanking regions,
respectively, were subjected to Western analysis using the same conditions as
described above. Although the protein band corresponding to CeaS2 could now be
observed in both complemented strains growing either in Soy or SA medium, the
CeaS1 protein band was still missing (Figure 3.1.6). Furthermore, clavulanic acid
bioassays indicated that only the latter construct (the ~11kb DNA fragment)
restored clavulanic acid production despite the restoration of CeaS2 production in

both strains (Table 3.1).



Figure 3.1.6. Western analysis of CeaS in complemented ceaS2 mutants. Cell-free
extracts were isolated from Soy or SA grown cultures of (A) AceaS2-C and (B)
AceaS2-C2-9. Ten microgram amounts of total cellular protein were separated by
electrophoresis on 8% SDS-PAG and transferred to PVDF membrane. Membranes
were incubated with rabbit anti-CeaS2 polyclonal antibodies and then incubated
with horseradish peroxidase-conjugated, donkey anti-rabbit secondary antibodies.
After being treated with enhanced chemiluminescence reagents, membranes were

exposed to x-ray film for 5-10 minutes.
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3.1.4 Western analyses to detect Bls1 and Bls2 production

To investigate if disrupting ceaS2 affected transcription of the downstream
genes, Western analyses using Bls2-specific polyclonal antibodies were carried
out to examine Bls2 production in the four ceaS2 mutants. CFEs from wild type S.
clavuligerus, AceaS2-IF, AceaS2::apra, ceaS2-Fs, ceaS2::apra, AceaS]I::apra,
blsl::meo, bls2::apra and bls1::neo/bls2::apra double mutants (Table 2.2), obtained
after growth for 48 and 72 hours in Soy and SA media, were separated on 8%

SDS-PAG and transferred to PVDF membranes.

After overnight transfer, the membranes were first incubated with rabbit
anti-Bls2 antibody at 1:5,000 dilution and then incubated with 1:10,000 diluted
horseradish peroxidase-conjugated, donkey anti-rabbit secondary antibodies. The
membranes were exposed to x-ray film for 15-20 minutes after treatment with

enhanced chemiluminescence reagents.

When CFE of WT S. clavuligerus grown in Soy or SA media was
subjected to Western analysis, a protein band corresponding to Bls2 was
observed (Figure 3.1.7). The protein appeared to have a slightly lower
molecular weight compared to the standard Bls2 protein (54.5 kDA), as the
band migrated further down on the gel. This is presumably due to the 6 x
His-tag attached to the Bls2 protein standard (Figure 3.1.7). Unlike the
situation for CeaS1 and CeaS2, electrophoresis conditions could not be
found that would allow separation of Bls1 (55 kDA) from Bls2. When CFE

of bls1::neo grown in Soy or SA media was subjected to Western analysis,
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Figure 3.1.7. Western analysis of Bls in wild type S. clavuligerus and bls mutants.
Cell-free extracts were isolated from Soy or SA grown cultures of (A) WT S.
clavuligerus, (B) bls1::neo, (C) bls1::tsr/bls2::apra and (D) bls2::apra mutants.
Ten microgram amounts of total cellular protein were separated by electrophoresis
on 8% SDS-PAG and transferred to PVDF membranes. Twenty nanograms of
purified His-tagged Bls2 was used as the protein standard. Membranes were
incubated with rabbit anti-Bls2 polyclonal antibodies and then incubated with
horseradish peroxidase-conjugated, donkey anti-rabbit secondary antibodies. After
being treated with enhanced chemiluminescence reagents, membranes were

exposed to x-ray film for 15-20 minutes.
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the protein band corresponding to Bls2 was also observed (Figure 3.1.7).
However, when CFE of the b/s2::apra, grown in Soy or SA media, was
subjected to Western analysis using the same conditions, no band
corresponding to Bls1 was observed, and gels resembled those seen when
CFE from bls1/bls2 double mutants were analyzed. Only minor amounts of
common cross reacting bands were observed from these two strains (Figure
3.1.7). Unfortunately, no Bls1 protein was available for use as a protein
standard. These results were interpreted to mean that the Bls2-specific
antibody did not recognize Bls1, although the possibility that mutation of
bls2 somehow blocked the expression of bls/ could not be ruled out as

Bls1 and Bls2 proteins show 49% identity, 59% similarity.

When CFEs of AceaS2-1F, AceaS2::apra, ceaS2-Fs and ceaS2::apra
mutants, grown for 48 and 72 hours in Soy and SA media, were subjected to
Western analysis, signals corresponding to Bls2 protein were not observed,
indicating Bls2 was not produced in any of these mutants (Figure 3.1.8). In
contrast, a protein band corresponding to Bls2 was observed when CFEs of the
AceaS1::apra mutant, grown in Soy or SA media, were subjected to analysis

(Figure 3.1.8).

In addition to the inability to separate Bls1 from Bls2 and the uncertainty
about whether the Bls2 antibodies were recognizing Bls1, Western analyses for
Bls were also severely hampered by the quality of the anti-Bls antibodies
available. The anti-Bls2 antibody generated a much weaker signal with high

background noise compared to the anti-CeaS2 antibody. Although approaches
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Figure 3.1.8. Western analysis of Bls in ceaS2 mutants. Cell-free extracts were
isolated from Soy or SA grown cultures of (A) AceaS2-IF, (B) ceaS2::apra, (C)
AceaS2::apra and (D) ceaS2-Fs mutants. Extracts from the (E) AceaS!::apra
mutant were used as a positive control. Ten microgram amounts of total cellular
protein were separated by electrophoresis on 8% SDS-PAG and transferred to
PVDF membrane. Membranes were incubated with rabbit anti-Bls2 polyclonal
antibodies and then incubated with horseradish peroxidase-conjugated, donkey
anti-rabbit secondary antibodies. After being treated with enhanced
chemiluminescence reagents, membranes were exposed to x-ray film for 15-20

minutes.
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were undertaken to clean up the antiserum in order to reduce background noise
and cross-reacting bands, none of these gave consistently improved quality.
Similarly, different conditions (amounts of blocking agent and antibodies) were
tested when developing the Western blot procedure, but again, no significant
improvement was observed. The anti-Bls2 antibodies used were from a previous
study in which they were prepared using purified Bls2 protein provided by C.
Schofield, Oxford University. No expression constructs were available to prepare
Bls1 or additional Bls2 protein or new anti-Bls antibodies, and so this aspect of

the project was abandoned in favour of a RT-PCR approach.

3.1.5 Reverse transcriptase-PCR analysis

3.1.5.1 Effect of AceaS2-IF mutation on ceaS! and bls2 transcription

Reverse transcriptase PCR (RT-PCR) was carried out to investigate further
if the impairment of CeaS1 production in the AceaS2-IF mutant occurred at the
transcriptional or translational level. It was also used to investigate whether
polarity due to the 81-bp scar left by using the REDIRECT PCR targeting system
to remove the ceaS2 gene is still an issue in the AceaS2-IF mutant, as determined

by analyzing b/s2 transcript levels.

Total RNAs were isolated from WT S. clavuligerus, AceaS1::apra and
AceaS2-IF mutants after growing for 48 hours in Soy liquid medium. Reverse
primers (Table 2.4) were used to generate cDNA and then specific primer pairs
(Table 2.4) were used to determine if the genes of interest were being transcribed

in the mutant strains. The primer pairs ceaS1-RT-For/ceaS1-RT-Rev, ceaS2-RT-



For/ceaS2-RT-Rev, blsl forward/bls1 reverse, CAN169/CAN170 (bls2 specific
primers) and hrdB RT-forward/hrdB RT-reverse were used for PCR amplification
of 433-bp ceaS1, 452-bp ceaS2, 600-bp blsi, 443-bp bls2 and 350-bp hrdB RT-
PCR products, respectively. PCR reactions were carried out for 28 cycles and
signal intensities were compared to WT S. clavuligerus. The hrdB gene encodes a
constitutively expressed sigma factor in Streptomyces and its transcription level

served as a control for RNA quality from different strains.

When RNA of WT S. clavuligerus isolated from Soy grown cultures was
subjected to RT-PCR, DNA bands of the expected size representing ceaS1, ceaS?2,
bls1 and bls2 were observed (Figure 3.1.9). This indicated ceaS1, ceaS2, blsI and
bls2 were transcribed normally in the WT strain. When RNA of AceaS1::apra was
subjected to RT-PCR using the same conditions, only ceaS2 and bls2 transcripts
were observed (Figure 3.1.9), thus indicating ceaS! and bls] were not transcribed
in a ceaS1 mutant. This was expected as previous studies showed that these two
genes are transcribed together as a polycistronic transcript. Therefore, insertion of
the apr gene cassette to disrupt ceaS1 was expected to have a polar effect on the
transcription of the blsI gene. Similarly, when RNA of the AceaS2-IF mutant was
analyzed by RT-PCR, signals from ceaS2 were not detected, but nor were
transcripts for bls2 and bls1, and only a faint band corresponding to ceaSI was
observed (Figure 3.1.9). This indicated that transcription of b/s2 was blocked in
the AceaS2-IF mutant despite its supposedly non-polar character. Furthermore,
transcription of ceaS1 and bls1 was severely impaired or absent in the ceaS2

mutant. On the other hand, all tested samples showed a similar level of 4rdB
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Figure 3.1.9. Assessment of transcript levels by RT-PCR. Transcripts examined
were: ceaSI (lanes 1, 8 and 14), ceaS2 (lanes 2, 9 and 15), hrdB (lanes 3, 10 and
16), bisI (lanes 4, 11 and 17) and bls2 (lanes 5, 12 and 18). RNA from wild type
(WT) S.clavuligerus, AceaS2-1F and AceaSI::apra mutants grown on liquid Soy
medium for 48 hours were used as the template. PCR reactions were carried out
for 28 cycles. Lane M, GeneRuler 100bp DNA ladder. Lanes 6, 13 and 19
represent negative controls for each RNA sample used; no reverse transcriptase

was added.
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transcripts (Figure 3.1.9). RT-PCR analysis was repeated multiple times, and
representative results are shown in Figure 3.1.9. The identities of the amplified
PCR products, aside from product size, were also confirmed by sequencing and
then compared to the known sequences of the corresponding genes (data not

shown).

3.1.5.2 Investigation of transcription of other clavam biosynthetic genes in the

AceaS2-IF mutant by RT-PCR

Tight regulation of secondary metabolism is advantageous to the cell by
conserving limited resources for other essential cell processes. Since ceaS!
transcription was severely impaired and essentially all clavam production was
abolished in a AceaS2-IF mutant (Table 1.1 and 3.1), it was postulated that other
58 clavam-related biosynthetic genes in addition to ceaS! and its downstream
genes, might also be regulated in a similar manner in the AceaS2-1F mutant.
Therefore, RT-PCR was undertaken to examine transcription of cas/, cvmli, cvm5
from the clavam gene cluster (Figure 1.4) and c6p, c7p, snk, resl, res2 and orfA

from the paralogue gene cluster (Figure 1.5).

RNA used in this study was isolated from wild type S. clavuligerus and
the AceaS2-1F mutant after growing for 96 hours, in which 5§ clavam production
was at the maximal level, in Soy liquid medium. cDNA was first generated by
using the reverse primers listed in Table 2.4. The primer pairs c7p RT-
forward/c7p RT-reverse, ceaS1-RT-For/ceaS1-RT-Rev, ceaS2-RT-For/ceaS2-RT-

Rev, cvm5 RT-forward/cvm5 RT-reverse, cvm6p RT-forward/cvm6p RT-reverse,
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hrdB RT-forward/hrdB RT-reverse, orfA RT-forward/orfA RT-reverse, resl RT-
forward/res] RT-reverse, res2 RT-forward/res2 RT-reverse and snk RT-
forward/snk RT-reverse were then used for PCR amplification of 485-bp c7p,
433-bp ceaS1, 452-bp ceaS2, 303-bp cvm5, 512-bp c6p, 350-bp hrdB, 354-bp
orfA, 312-bp resl, 339-bp res2 and 339-bp snk RT-PCR products, respectively.
PCR reactions were carried out for 25 and 30 cycles as a semi-quantitative
measure to determine if transcription was completely blocked or changed to an
altered level compared to WT S. clavuligerus. The hrdB transcription was again

monitored as a quality control.

Bands corresponding to cvm3, c6p and casl could not be observed in the
AceaS2-IF mutant (Figure 3.1.10 and 3.1.11). In contrast, transcripts of orfA4, snk,
resl, res2 and c7p were detected (Figure 3.1.10, 3.1.11 and 3.1.12). Transcripts of
all of these genes could be detected in WT S. clavuligerus (Figure 3.1.10, 3.1.11
and 3.1.12). This indicated that, in addition to ceaS1, the transcription of some
other early (casl) and late (cvm5 and c6p) clavam biosynthetic genes is regulated
by a common but as yet unknown mechanism, such that their transcription is
blocked in ceaS2 mutants. In contrast, transcription of the alanylclavam-specific
gene, orfA, the elements of the two-component regulatory system, snk, res! and
res2, and the pathway specific transcriptional regulator, ¢7p, are not controlled by

this mechanism.

3.1.6 Promoter activity analysis by use of egfp
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Figure 3.1.10. Assessment of cvm3, ¢7p, c6p and hrdB transcript levels by RT-
PCR. For each gene under investigation, RNA from wild type (WT) S.
clavuligerus (lanes 1, 6, 11 and 16), AceaS2-IF (lanes 2, 7, 12 and 17), Ares2::apra
(lanes 3, 8, 13 and 18) and Ares!::apra (lanes 4, 9, 14 and 19) mutants grown on
liquid Soy medium for 96 hours were used as the template, respectively. (A) PCR
reactions carried out for 25 cycles. (B) PCR reactions carried out for 30 cycles.

Lane M, GeneRuler 100 bp DNA ladder.
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Figure 3.1.11. Assessment of casl, cvml, resl and res?2 transcript levels by RT-
PCR. For each gene under investigation, RNA from WT S. clavuligerus (lanes 1, 6,
11 and 16), AceaS2-IF (lanes 2, 7, 12 and 17), Ares2::apra (lanes 3, 8, 13 and 18)
and Ares!::apra (lanes 4, 9, 14 and 19) mutants grown on liquid Soy medium for
96 hours were used as the template, respectively. (A) PCR reactions carried out

for 25 cycles. (B) PCR reactions carried out for 30 cycles. Lane M, GeneRuler

100bp DNA ladder.
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Figure 3.1.12. Assessment of orf4, ceaS1, ceaS2 and snk transcript levels by RT-
PCR. For each gene under investigation, RNA from WT S. clavuligerus (lanes 1, 6,
11 and 16), AceaS2-IF (lanes 2, 7, 12 and17), Ares2::apra (lanes 3, 8, 13 and 18)
and Ares!::apra (lanes 4, 9, 14 and 19) mutants grown on liquid Soy medium for
96 hours were used as the template, respectively. Lanes 21 to 24 represent

negative controls for each RNA sample being used where no reverse transcriptase
was added. (A) PCR reactions carried out for 25 cycles. (B) PCR reactions carried

out for 30 cycles. Lane M, GeneRuler 100bp DNA ladder.
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To confirm the original results obtained from RT-PCR that ceaS/ was not
transcribed efficiently in a AceaS2-IF mutant, promoter activity of ceaS! was
examined by using enhanced green fluorescence protein (EGFP) as a reporter.
pPSET-ceaS! carrying the promoter region of ceaSI coupled to a promoterless egfp
gene previously constructed in the lab by K. Tahlan, was conjugated into the
AceaS2-IF mutant and WT S. clavuligerus strain, and integrated at the a#tB site on
the chromosome. The resulting S. clavuligerus reporter strains were grown in
liquid Soy medium for 48 hours. Mycelia were then harvested and analyzed by
confocal microscopy to determine promoter activity by examining fluorescence
due to EGFP production and excitation. Duplicates were setup for each reporter
strain and fluorescence was observed when samples of WT S. clavuligerus
carrying pSET-ceaS1 were examined, but no fluorescence was observed from the
AceaS2-1F reporter strains (Figure 3.1.13). This indicated that the ceaS1 promoter

1s not active in the AceaS2-1F mutant.

3.1.7 Clavulanic acid production revisited

The studies described above employed cultures of S. clavuligerus strains
grown in liquid Soy medium and showed that mutation of the ceaS2 gene affected
transcription of a large number of clavam biosynthesis related genes. However,
when culture extracts of AceaS2-1F mutants grown on solid Soy medium were
obtained by the freeze and squeeze procedure and analyzed by HPLC, peaks
corresponding to clavulanic acid and 5§ clavams were detected and production of
clavulanic acid was seen to be taking place at or near wild type levels (Figure

3.1.14). This unexpected production of clavam metabolites on solid medium when
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Figure 3.1.13. Detection of ceaS! promoter activity in wild type and AceaS2
mutant strains of S. clavuligerus by using EGFP as a reporter. (A) Mycelia of WT
S. clavuligerus carrying pSET-ceaS1 reporter. (B) Mycelia of AceaS2-IF carrying
pSET-ceaS! reporter. Both reporter strains were grown in liquid Soy medium for
48 hours and then analyzed by confocal microscopy. Fluorescence images are
shown in section 1. Differential interference contrast (DIC) images are shown in

section 2.
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Figure 3.1.14. Clavam metabolites produced by S. clavuligerus and AceaS2-IF
mutants grown on solid Soy medium. Culture supernatants obtained by the freeze
and squeeze procedure were diluted (1/5) and analyzed via HPLC. The peaks are
as follows: AC: alanylclavam; C2C: clavam-2-carboxylate; 2HMC: 2-

hydroxymethylclavam; CA: clavulanic acid.
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no production was seen on liquid medium suggested that the already complicated
cross regulation between ceaS2 and genes involved in clavam biosynthesis must
require some additional unknown factors that are involved in sensing the physical
nature of the surrounding environment. Under this scenario, it would be difficult
to resolve and identify the factor(s) that may be involved. Therefore, the focus of
this study was switched to investigate the regulatory elements that control the late

steps of the 55 clavam biosynthetic pathway.

3.2 Analysis of the regulation of the late steps of 55 clavam biosynthesis

Previous studies have shown that a number of genes, including cvm 1,
cvm2, cvm5 and c6p, encoding apparent biosynthetic enzymes, are specifically
required for 55 clavam biosynthesis but not for clavulanic acid production (Tahlan
et al., 2007; Zelyas, 2007). Furthermore, it has also been shown that disruption of
res2, snk or c7p, encoding apparent regulatory proteins, abolished 55 clavam
production (Zelyas, 2007). Due to the close proximity of these regulatory genes to
58 clavam biosynthetic enzyme genes (Figure 1.5), it was suspected that they may
play a role in regulating expression of the genes responsible for 55 clavam
production. Studies were therefore initiated to investigate how the transcriptional

regulator, C7P, and the two-component system control 5§ clavam production.

3.2.1 Phenotype of Asnk-IF, Aresl::apra, Ares2::apra and Ac7p::apra mutants

In view of the observation that growth medium type (solid agar plate
versus liquid) had a tremendous and unanticipated effect on AceaS2-1F mutant

phenotype as described in section 3.1.8, it was first essential to examine the
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clavam production profiles of Asnk-IF, Ac7p::apra, Ares2::apra and Ares::apra
mutant strains to ensure that their phenotypes did not depend on the physical form
of the medium. Various mutant strains were grown on solid Soy medium for 7 to
10 days and culture extracts were obtained by using the freeze and squeeze
procedure and analyzed by HPLC. Clavulanic acid was detected in the culture
extracts from all of these mutants (Figure 3.2.1). Alanylclavam, clavam-2-
carboxylate, 2-hydroxymethylclavam and 2-formyloxymethylclavam were not
detected in extracts from Asnk-IF, Ares2::apra and Ac7p::apra mutants while
Ares::apra mutants still capable of producing clavam metabolites (Figure 3.1.14
and 3.2.1). Each of these mutants was shown to have the same phenotype as was

observed previously when grown in liquid medium (Zelyas, 2007).

3.2.2 Transcript analysis by RT-PCR

Since Res2 and C7P, encoded by res2 and c7p respectively, are apparent
regulatory proteins, it was postulated that these two proteins may control the
transcription of genes involved in 55 clavam production. RT-PCR was carried out
to investigate this hypothesis. Analysis was carried out multiple times and

representative results are shown in the following figures.

RNA used in this study was isolated from wild type S. clavuligerus, Asnk-
IF, Ac7p::apra, Aresl::apra and Ares2::apra mutants after growing for 96 hours in
Soy liquid medium. The reverse primers (Table 2.4) used to generate cDNA and
specific primer pairs used to amplify RT-products were described previously

3.1.6.2, and listed in Table 2.4. PCR reactions were carried out for 25 and 30



Figure 3.2.1. Clavam metabolites produced by Asnk-IF, Ares2::apra, Ac7p::apra
and Ares::apra mutants grown on solid Soy medium. Culture supernatants
obtained by the freeze and squeeze procedure were diluted (1/5) and analyzed via
HPLC. The peaks are as follows: AC: alanylclavam; C2C: clavam-2-carboxylate;

2HMC: 2-hydroxymethylclavam; CA: clavulanic acid.
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cycles as a semi-quantitative measure to determine if transcription was blocked or
genes were transcribed at an altered level compared to WT S. clavuligerus. The

hrdB transcription again served as a control.

Transcripts of cvml, cvm5, c7p and c6p, which are all essential for 55
clavam biosynthesis, could not be detected, or were transcribed at greatly reduced
levels, in Asnk-IF or Ares2::apra mutants as determined by RT-PCR (Figure
3.1.10, 3.1.11, 3.2.2 and 3.2.4). Interestingly, cas! transcripts were not detected in
these mutants, suggesting that this two-component system also controls
transcription of some of the early genes (Figure 3.1.11 and 3.2.2). Similarly,
transcripts of cvm i, cvm5 and casl were not detected when RNA isolated from a
Ac7p::apra mutant was subjected RT-PCR (Figure 3.2.2). Transcription of ¢7p
was abolished or reduced in res2 and snk mutants, respectively, but transcription
of snk, resl and res2, the genes of the two-component system, was not affected in
a c¢7p mutant (Figure 3.1.10, 3.2.3 and 3.2.4). This indicated that the two-
component system operates at a higher level in the regulatory hierarchy than C7P.
cvml and orfA transcripts were detected at elevated levels in a Ares/::apra mutant
(Figure 3.1.11 and 3.1.12). Despite the differences in transcription profiles from
various strains, 4rdB transcripts were detected at similar levels in all samples
tested, thus validating the results obtained (Figure 3.1.10 and 3.2.2). Transcription

profiles of various strains being tested in this study are summarized in Table 3.2.

3.2.3 Protein overproduction and purification
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Figure 3.2.2. Assessment of casl, cvm5, cvml and hrdB transcript levels by RT-
PCR. For each gene under investigation, RNA from AceaS!::apra (lanes 1, 5, 9
and 13), Ac7p::apra (lanes 2, 6, 10 and 14) and Asnk-IF (lanes 3, 7, 11 and 15)
mutants grown on liquid Soy medium for 96 hours were used as the template,
respectively. Lanes 16 to 18 represents negative control for each RNA sample
being used where no reverse transcriptase was added. (A) PCR reactions carried
out for 25 cycles. (B) PCR reactions carried out for 30 cycles. Lane M, GeneRuler

100bp DNA ladder.
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Figure 3.2.3. Assessment of res!, res2, snk and orfA transcript levels by RT-PCR.
For each gene under investigation, RNA from AceaS1::apra (lanes 1, 5, 9 and 13),
Ac7p::apra (lanes 2, 6, 10 and 14) and Asnk-IF (lanes 3, 7, 11 and 15) mutants
grown on liquid Soy medium for 96 hours were used as the template, respectively.
(A) PCR reactions carried out for 25 cycles. (B) PCR reactions carried out for 30

cycles. Lane M, GeneRuler 100bp DNA ladder.
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Figure 3.2.4. Assessment of ceaS1, ceaS2, c6p and c7p transcript levels by RT-
PCR. For each gene under investigation, RNA from AceaS!::apra (lanes 1, 5, 9
and 13), Ac7p::apra (lanes 2, 6, 10 and 14) and Asnk-IF (lanes 3, 7, 11 and 15)
mutants grown on liquid Soy medium for 96 hours were used as the template,
respectively. (A) PCR reactions carried out for 25 cycles. (B) PCR reactions

carried out for 30 cycles. Lane M, GeneRuler 100bp DNA ladder.
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BLAST analysis of the C7P and Res2 amino acid sequences predicted the
presence of a DNA binding domain within each protein (data not shown). In order
to carry out in vitro protein assays to examine if these two proteins bind DNA, it

was necessary to obtain large quantities of Res2 and C7P proteins.

3.2.3.1 Res2-His; overproduction and purification

To obtain purified Res2, the res2 coding sequence was cloned (by N.
Zelyas) as an Ndel/BamHI fragment upstream of a 7 x histidine tag in the E. coli
protein expression plasmid, pT7-7His. Production of Res2-His; was driven by a
T7 promoter and was induced by addition of 0.4 mM IPTG to activate expression
of a T7 RNA polymerase-encoding gene, followed by incubation at 37°C for 5
hours. Cells were harvested by centrifugation, stored frozen overnight and then
treated with lysozyme and sonicated to release overproduced protein. The lysate
was then centrifuged to remove cell debris and Res2-His; was purified from the

soluble protein fraction.

Since overproduced Res?2 carried a 7 x His-tag at the C-terminus, it was
purified by combining the soluble protein fraction obtained from above with Ni-
NTA resin under conditions where His-tagged protein binds to the resin and can
thus be separated from the bulk proteins in the lysate. The entire mixture was
incubated for one hour at 4°C and after washing away unbound proteins, bound
protein was eluted by using a gradient of imidazole. Each collected fraction was
electrophoresed on a 12% SDS-PAG to identify fractions that contained the

desired protein, which has an expected molecular weight of about 25 kDa (Figure
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Figure 3.2.5. Purification of Res2-His; from E. coli BL21(DE3) carrying pT7-
7His-res2. Protein samples were taken at different stages of the overproduction
and purification processes and analyzed by SDS-PAGE. Proteins were visualized
by staining with Coomassie blue. Lane M, PageRuler™ prestained Protein Ladder
Plus molecular weight marker. Lane NI, non-induced total protein sample. Lane I,
induced total protein sample. Lane CL, cleared lysate. Lane WT, wash-through.
Numbers above lanes indicate the concentration of imidazole (in mM) used to

elute the protein samples.
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3.2.5). Fractions identified as containing Res2-His; were then pooled and
concentrated using centrifugal concentrators with a molecular weight cutoff of 10

kDA, resuspended in protein storage buffer and stored at -80°C.
3.2.3.2 Construction of a C7P overexpression vector

An E. coli strain expressing c¢7p was prepared in order to obtain C7P
protein to assess C7P-DNA interactions. The strategy using plasmid pSET152-
snk-c7p and TOPO-c7p (Table 2.3) to prepare this strain is outlined in Figure
3.2.6. pSET152-snk-c7p was originally constructed as a S. clavuligerus
integrative plasmid used to complement ¢7p mutants. In order to clone the c¢7p
gene into the protein expression vector pET19b as an Ndel/HindIll fragment, a
585 bp fragment encompassing the 5’ end of ¢7p with a Ndel restriction site
engineered at the start codon was amplified by PCR and cloned into pCR®2.1-
TOPO® to obtain TOPO-¢7p (by S. E. Jensen). pSET152-snk-c7p was digested
with EcoRI and Xbal and the desired snk-c7p fragment was cloned into
pUC119 to obtain pUC119-snk-c7p (by S. E. Jensen). TOPO-c7p was digested
with EcoRI and BstXI and the DNA fragment corresponding to the 5° end of
c7p with the engineered Ndel site was gel purified after electrophoresis on 1%
agarose gel (Figure 3.2.7). The desired fragment was then ligated with gel
purified pUC119-snk-c7p after EcoR1/BstX1 double digestion (Figure 3.2.7) to
obtain pUC119-c7p-complete. The entire coding sequence of ¢7p was then
cloned into the E. coli protein expression plasmid pET-19b as an Ndel/Hindlll
fragment, resulting in the construction of pET-19b-c7p. The insertion and

ligation of the correct fragment was confirmed by using restriction analysis.
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Figure 3.2.6. Schematic of the process leading to the construction of pET-19b-c7p.

Restriction sites utilized in the process are shown in the diagrams.
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Figure 3.2.6. (Continued). Schematic of the process leading to the construction of

pET-19b-c7p. Restriction sites utilized in the process are shown in the diagrams.
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Figure 3.2.7. DNA fragments used to construct the c7p expression vector. Lane M,
A BstETl DNA marker. Lane 1, uncut pUC119-snk-c7p. Lane 2, pUC119-snk-c7p
digested with BstX1. Lane 3, pUC119-snk-c7p digested with EcoRI and BstXI.

Lane 4, purified ~585bp fragment encompassing the 5’ end of c¢7p.
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DNA fragments corresponding to the ~2.45 kb c¢7p gene and the ~5.72 kb
pET-19b plasmid vector were observed after Ndel/HindIll restriction digestion
(Figure 3.2.8). This plasmid was then transformed into E. coli DH5a for long

term storage and subsequently into BL21(DE3) for expression.

3.2.3.3 His;o-C7P overproduction and purification

The c¢7p coding sequence was positioned in-frame downstream of a 10 x
histidine tag in pET-19b. Production of His;o-C7P was driven by a T7 promoter
and was initiated by addition of 1 mM IPTG, which induced production of T7
RNA polymerase, followed by incubation for 7 hours at 21°C. Cells were
harvested, frozen overnight and then treated to release overproduced protein as
described in Section 2.9.5. The lysate was then centrifuged to remove cell debris

and His;o-C7P was purified from the soluble protein fraction.

His;o-C7P was purified by combining the soluble protein fraction with Ni-
NTA resin and incubated for an hour at 4°C. Protein was eluted from the washed
resin by using a gradient of imidazole and each collected fraction was
electrophoresed on 8% SDS-PAG to identify fractions that contained the desired
protein. A high purity preparation of His;o-C7P could not be obtained as multiple
protein bands, beside the expected 89 kDa protein band, were observed on the gel
when stained with Coomassie Blue (Figure 3.2.9). This indicated that the
conditions used were not optimal for C7P production. Despite various attempts to
improve C7P production, which included changing the expression temperature

from 21°C to 15°C or 37°C, changing the amount of IPTG added (from 1 mM to
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Figure 3.2.8. Restriction analysis of pET-19b-c7p protein expression vector. Lane
M, A BstETl DNA marker. Lane 1, uncut pET-19b-c¢7p. Lane 2, pET-19b-c¢7p

digested with Ndel/Hind]IIl.



157

bp
Expected ~5.72 kb pET-19b - -5,686
-4.822
-3,675
Expected ~2.45 kb c7p »
-2323

-1,929




158

Figure 3.2.9. Purification of His;o-C7P from E. coli BL21(DE3) carrying pET-
19b-c7p. Protein samples were taken at different stages of the overexpression and
purification processes and analyzed by SDS-PAGE. Proteins were visualized by
staining with Coomassie blue. Lane M, PageRuler™ prestained Protein Ladder
Plus molecular weight marker. Lane I, induced total protein sample. Lane CL,
cleared lysate. Lane WT, wash-through. The number above each lane indicates the

concentration of imidazole (in mM) used to elute the protein samples.
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0.4 mM) to induce protein production and addition of protease inhibitors to inhibit
protein degradation, similar expression patterns were observed (data not shown).
It is possible that C7P, as a transcriptional regulator, is not stable and has a high
turnover rate to ensure a dynamic response. C7P might have started to degrade
once produced in BL21(DE3) even before lysis of the cells. Therefore, fractions
containing the desired protein from the initial expression were concentrated using
centrifugal concentrators to give a preparation enriched in His;o-C7P, and stored

at -80°C for future use after resuspending in protein storage buffer.

3.2.4 Protein-DNA interactions

Protein-sequence analysis of C7P and Res2 indicated that these two
proteins have DNA-binding domains, which suggests they may exert their effects
by binding to promoter regions of their targets. Electrophoretic mobility shift
assays (EMSAs) were carried out to investigate this hypothesis. All EMSA work
described below was carried out multiple times with various condition changes

and the best results are shown in the following figures.

3.2.4.1 Analysis of Res2-DNA interactions by EMSA

Once Res2-His; was purified (Section 3.2.3.1), EMSAs were carried out to
determine the ability of Res2 to bind to putative promoter regions of genes
identified as potential targets from RT-PCR analyses (Section 3.2.2). Since the
promoter regions of the potential targets have not been identified, a variety of
DNA fragments, which covered the entire intergenic region between these genes

as illustrated in Figure 3.2.10, were used to assess binding ability of Res2.
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Figure 3.2.10. DNA probes for electrophoretic mobility shift assays of various
targets identified by RT-PCR. Primer pairs used to generate each probe are listed

to the right of its name along with the probe size in bp. Figures not drawn to scale.
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Purified Res2-His7 (100 pmol) was incubated with each 32p end-labeled DNA
probe, which had been amplified by PCR using cosmid pCECO018, pEC020 or
pSNI14E10 as the template, and purified by the “crush and soak” method (Section
2.7.7). Reactions were carried out in the presence of excess poly d(I-C) as non-
specific DNA competitor. The reaction mixtures were electrophoresed on 8%
non-denaturing PAG to determine whether or not there were DN A-protein
complexes. Except for the samples containing PCR3, which is a region upstream
of both of ¢7p and snk, shifting of the probes was not observed in other samples
(Figure 3.2.11). This indicated a possible Res2-DNA complex formation with
DNA fragment PCR 3 and suggested that Res2 binds and controls transcription of
c7p and/or snk. Although the probe was clearly shifted, the protein-DNA complex
was trapped in the loading well suggesting that either a very large protein-DNA
complex was formed or the conditions used were not optimal for Res2 binding.
Attempts were made to improve the shifting quality. This included varying the
protein and DNA concentrations, changing the buffer and running conditions.

However, none of the changes helped significantly to resolve the situation.
3.2.4.2 Analysis of C7P-DNA interaction by EMSA

C7P was also subjected to EMSA to determine its ability to bind to the
DNA fragments described previously (Figure 3.2.10). The binding reaction
mixtures were electrophoresed on a 6% non-denaturing PAG to determine the
presence of a DNA-protein complex. A shifted band was observed when DNA
fragment PCR 6, which is the region upstream of cvm/ and cas! (Fig 3.2.12), was

incubated with His;(-C7P in the binding reaction. Moreover, addition of 50-fold
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Figure 3.2.11. Analysis of binding of Res2-His; to promoter regions of genes in
the clavam and paralogue gene clusters. DNA probe used corresponds to
intergenic regions between ¢7p and c6p (PCR1), snk and c7p (PCR2, 3), cvm5 and
cvm6 (PCR4), and cvm! and cas! (PCRS5 and 6). Reactions were set up in a total
volume of 20 pl by mixing 20 fmol of each 32p end- labeled fragment with 100
pmol of purified Res2-His; protein in binding buffer containing 10 mM Tris-HCl
(pH 8.0), I mM DTT, 10% glycerol, 150 mM NaCl and 1 pg of poly d(I-C).
Binding reactions were carried out at 21°C for 25 minutes. Samples were
separated on 1.5% glycerol-containing 8% non-denaturing PAG in 1X Tris-
glycine buffer. Gels were dried for 45 minutes, placed on a phosphor screen and

exposed for 16 hours. Data in these figures were obtained by Annie Wong.
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Figure 3.2.12. Analysis of binding of His;o-C7P to promoter regions of genes in
the clavam and paralogue gene clusters. DNA probe used corresponds to
intergenic regions between snk and c7p (PCR2, 3), cvm5 and cvm6 (PCR4), and
cvml and casl (PCRS and 6). Reactions were prepared in a total volume of 20 pl
by mixing 20 fmol of each **P end- labeled fragment with 100 pmol of enriched
His;o-C7P protein preparation in binding buffer containing 10 mM Tris-HCI (pH
8.0), 1 mM DTT, 10% glycerol, 150 mM NaCl and 1 pg of poly d(I-C). Binding
reactions were carried out at 21°C for 25 minutes. Samples were separated on
1.5% glycerol containing 6% non-denaturing polyacrylamide gels in 1X Tris-
glycine buffer. Gels were dried for 45 minutes, placed on a phosphor screen and

exposed for 16 hours. Data in these figures were obtained by Annie Wong.
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excess unlabeled probe (PCR6) to the binding reactions reduced protein binding
to the labeled fragment (Figure 3.2.12). With the same conditions used, C7P also
showed at least some ability to bind PCR 2, 4 and 5 (Fig 3.2.12), which are the
regions upstream of ¢7p, cvm5 and cvm6, and cvm 1, respectively (Figure 3.2.12).
This suggested that C7P regulates 5S clavam production by binding to these
biosynthetic genes, and also that transcription of ¢7p may be under auto regulation
by C7P binding to its own promoter. However, instead of distinct bands, the
shifted DNA appeared as smears, suggesting that the conditions used were not
optimal for C7P binding. Therefore, attempts were made to improve the shifting
quality including the changes as described in section 3.2.4.1. However, none of
the changes helped significantly to resolve the problem and so the evidence for

interaction between C7P and c¢7p, cvm5, cvm6 and cvm 1 remains inconclusive.

Among the targets that appeared to be bound by C7P, the region between
the divergently oriented cvm ! and casl genes (PCR 6) was chosen for a more
detailed study as it showed the most promising result (Figure 3.2.12). PCR 6 was
mixed with His;o-C7P (0-100 pmol) in the presence of excess poly d(I-C) as non-
specific DNA competitor. As expected, as the amount of protein added to the

binding reaction increased, more DNA probe was shifted (Figure 3.2.13).

Competition mobility shift assays were then carried out to demonstrate the
specificity of C7P binding. C7P binding to labeled probe was reduced when 50-
fold excess of unlabeled probe (PCR 6) was added to the EMSA reaction (Figure
3.2.14). In contrast, excess unlabeled nonspecific DNA (internal region of 4rdB,

amplified by hrdB RT-forward and hrdB RT-reverse primers) did not affect C7P
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Figure 3.2.13. Electrophoretic mobility shift of a 454 bp DNA fragment spanning
the intergenic region between cvm/ and cas! (PCR6) when bound by His;(-C7P.
Reactions were prepared in a total volume of 20 pl by mixing 20 fmol of 32p end-
labeled fragment with 0-100 pmol of purified His;o-C7P protein in binding buffer.
Reactions were incubated at 21°C for 25 minutes. Samples were separated on
1.5% glycerol-containing 8% non-denaturing PAG 1X Tris-glycine buffer. Gels
were dried, placed in contact with a phosphor screen and exposed for 16 hours.

Data in these figures were obtained by Annie Wong.
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Figure 3.2.14. Specificity of His;o-C7P binding to a 454 bp DNA fragment
spanning the intergenic region between cvm/ and cas! (PCR6). For each reaction,
20 fmol of **P end- labeled fragment was mixed with 100 pmol of purified Hiso-
C7P protein in binding buffer in a total volume of 20 ul and incubated at 21°C for
25 minutes. Specificity of C7P binding was demonstrated by addition of 5 or 50-
fold excess of unlabeled competitor DNA (PCR6) to the reaction and by addition
of 5 or 50-fold excess of unlabeled nonspecific competitor DNA (350bp fragment
of hrdB). Samples were separated on 1.5% glycerol-containing 8% non-
denaturing PAG in 1X Tris-glycine buffer. Gels were dried, placed in contact with
a phosphor screen and exposed for 16 hours. Data in these figures were obtained

by Annie Wong.
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binding when added to the EMSA reaction (Figure 3.2.14). Taken together these
results suggested that C7P was able to bind and shift the mobility of the labeled

PCR 6 fragment.

3.3 Analysis of proteins involved in the two-component system

Typical two-component regulatory systems involve one sensor kinase
protein and one response regulator protein. However, atypical two-component
systems with more than two components have also been described. In particular,
systems with components similar to RocS1 (a sensor kinase), RocAl (a typical
response regulator), and RocR (a response regulator without a DNA-binding
domain) from Pseudomonas aeruginosa (this system is further described in
Section 4.3), have also been identified in several different organisms. Even
though S. clavuligerus has been shown to carry such an atypical two-component

system, experimental characterization of the system has not yet been done.

Furthermore, the reason for carrying two response regulators is not clear. It is also

not apparent if these response regulators interact only with the sensor kinase or
also with each other once they are phosphorylated by the sensor kinase.
Therefore, studies were initiated to investigate the phosphorylation dynamics

between these proteins.

3.3.1 Overproduction and purification of wild type proteins of the two-

component regulatory system

Expression vectors for overproducing Snk and Res1 were available from a

previous study (prepared by N. Zelyas). Res2 was obtained previously as

173



174

described in Section 3.2.3.1 (Figure 3.2.5). Proteins were overproduced as
described in Section 2.9.4, and 2.9.5. Since overproduced proteins carried a His-
tag either at the N or C-terminus, they were purified by combining the cell lysates
with Ni-NTA resin under conditions where His-tagged protein binds to the resin
and can thus be separated from the bulk proteins in the lysate. The entire mixture
was incubated for one hour at 4°C and after washing away unbound proteins,
bound protein was eluted by using a gradient of imidazole. For Snk-His;, each
collected fraction was electrophoresed on 8% SDS-PAG to identify fractions that
contained the desired protein, which has an expected molecular weight of about
59 kDa (Figure 3.3.1.). Similarly, samples collected during the His;o-Res1
purification process were visualized by electrophoresing on 12% SDS-PAG and
appeared to run at the expected molecular weight of about 16 kDa (Figure 3.3.2).
Fractions identified as containing the desired proteins were then concentrated
using centrifugal concentrators with a molecular weight cutoff of 10 kDA,

resuspended in protein storage buffer and stored at -80°C.

In vitro phosphorylation assays were carried out with wild type proteins to
optimize conditions used for subsequent assays and to determine if the expression
and purification processes used had yielded active proteins. Different
combinations of Snk-His7, Hisjp-Res1 and Res2-His; were incubated together for
30 minutes at 30°C with excess [y->P] ATP as the phosphate donor. Each reaction
was done in duplicate. After incubation, reaction mixtures were electrophoresed
on SDS-PAG to separate the proteins and the dried gels were exposed to a

phosphor screen to detect signals from the radioactive y-phosphate. In all reaction
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Figure 3.3.1. Purification of Snk-His; from E. coli BL21(DE3) carrying pT7-7His-
snk. Protein samples were taken at different stages of the overexpression and
purification processes and analyzed by SDS-PAGE. Proteins were visualized by
staining with Coomassie blue. Lane M, PageRuler™ prestained Protein Ladder
Plus molecular weight marker. Lane I, induced total protein sample. Lane CL,
cleared lysate. Lane WT, wash-through. Numbers above lanes indicate the

concentration of imidazole (in mM) used to elute the protein samples.
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Figure 3.3.2. Purification of Hisjo-Resl from E. coli BL21(DE3) carrying pET-
19b-res 1. Protein samples were taken during different stages of the
overexpression and purification processes and analyzed by SDS-PAGE. Proteins
were visualized by staining with Coomassie blue. Lane M, PageRuler™ Protein
Ladder Plus molecular weight marker. Lane I, induced total protein sample. Lane
CL, cleared lysate. Lane WT, wash-through. Numbers above lanes indicate the

concentration of imidazole (in mM) used to elute the protein samples.
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mixtures that contained Snk-Hisy, signals corresponding to Snk were detected as
shown on the image obtained from the phosphorimager (Figure 3.3.3).
Radioactive signals were not observed from Res1 or Res2 when Snk was not
present in the reaction mixtures but phosphorylated Res1 and Res2 were detected
when either protein, or both proteins, was incubated with Snk in the reaction
mixture (Figure 3.3.3). This indicated Snk-His; is capable of autophosphorylation

and is also able to transfer phosphate to His;o-Res1 and Res2-Hiss.
3.3.2 Sequence comparison

To further understand the role of Snk, Res1 and Res2 in the two-
component system, the protein sequence of each member was first compared to
other known sequences in GenBank. Through BLAST analysis, the conserved
histidine residue, which is involved in auto-phosphorylation of the sensor kinase
in two-component systems from other bacteria, was identified in Snk (H-365)
(Figure 3.3.4). Similarly, the conserved asparatic acid residue, which acts as the
phosphate acceptor site in response regulators from other bacteria, was also

identified in Res1 (D-65) and Res2 (D-52) (Figure 3.3.4).
3.3.3 Site-directed mutagenesis of phosphorylation site of Snk, Res1 and Res2

To investigate if the residues identified from Section 3.3.2 are involved in
phosphorylation, site-directed mutagenesis was employed to change the histidine
or aspartic acid residue from the sensor kinase or response regulators,
respectively, to an alanine residue. Initially, QuickChange® II-E Site-Directed

Mutagenesis kit (Stratagene) was used to generate such mutations. However, for
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Figure 3.3.3. In vitro phosphorylation of Snk-His;, His;o-Res1 and Res2-His.
Reaction mixtures were incubated at 30°C for 30 minutes with excess [y-3 ’P] ATP.
Reactions were stopped by cooling on ice and addition of 5x SDS-PAGE loading
buffer. Samples were electrophoresed on a 15% SDS-PAG, dried and then
exposed for 16 hours to a phosphor screen. Labels above each lane indicate the

protein or proteins included in the reaction mixture.
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Figure 3.3.4. Sequence comparison through BLAST analyses of the proteins of
the two-component regulatory system. (A) Alignment of the amino acid sequence
of Snk with sensor kinases from various bacteria. Conserved histidine residues
involved in auto-phosphorylation are shown in bold. (B) Alignment of the amino
acid sequences of Res1 and Res2 with response regulators from various bacteria.
Conserved asparatic acid residues involved in phosphorylation are shown in bold.

Numbers refer to the amino acid positions within the protein.
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unknown reasons, it was not possible to transform competent cells with the
plasmids that carry the mutated versions of snk, resl or res2. As a result, two-step
site-directed mutagenesis, which required two separate PCR reactions to generate
the mutations, was used (Thai et al., 2001). The procedure is illustrated in Figure
3.3.5. Although this method was relatively more laborious, the mutations were
successfully introduced into the genes of interest as confirmed by sequencing
(data not shown). Similar to the res2 overexpression construct described
previously, each of the forward primers used for amplification had an engineered
5’ Ndel site and the reverse primers contained a 5° BamHI site (Figure 3.3.5). This
allowed the amplified genes to be cloned into expression vectors easily as
Ndel/BamHI fragments and in this way pET-19b-res/-SD, pT7-7His-res2-SD and

pT7-7THis-snk-SD were constructed (Table 2.3).

3.3.4 Two-component regulatory system protein overproduction and

purification

pET-19b-res1-SD, pT7-7His-res2-SD and pT7-7His-snk-SD were
transformed into E. coli BL21(DE3) to overproduce the two-component
regulatory proteins with altered putative phosphorylation sites, hereafter referred
as Hisjo-Res1-SD, Res2-SD-His; and Snk-SD-His;, respectively. Snk-SD-Hiss,
and Res2-SD-His; were overproduced with the same conditions as described
earlier for Res2-His7 (Section 2.9.4). Conditions similar to those used to obtain

His;o-C7P were used for Hisjo-Res1-SD overproduction (Section 2.9.5).
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Figure 3.3.5. Schematic representation of the first PCR reaction of the two step
site-directed mutagenesis used to change the phosphorylation site of Snk, Resl

and Res2 to an alanine residue.



186

UOPOJ QUIUE[E 0} UOIIBINW PAJOAIIP S M JoWLId 9SI0AY 10 PIBMIO]

9)1S UONLNSAI [[Juing PAIddUISUd Im JowLid 9SIOAdY

SOJIS UONDLISAI [opN PRIoUISUD im JouwLid premio

<&
<

AY-PIIOITP-)IS YUS

10,J-P930QIIP-9}1S JUS
AY-PIJOITP-)IS 7SI
10,J-P910QIIP-9J1S ZSal
AY-PIJOITP-)IS ST
10,J-P910QIIp-9J1S [Sal

za2xd-yus
Ad1d-gsax
Ad1d-sax

pmyd-yus
pmyd-gsax
pmyd-1sax

¥ uonesyrdwe YO d dais 1siq




187

Figure 3.3.5. (Continued). Schematic representation of the second PCR reaction
of the two step site-directed mutagenesis used to obtain complete gene products

with engineered terminal restriction sites and site specific mutation.
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Since these proteins contained the same His-tag as their wild type version,
they were purified from crude lysates and eluted with a gradient of imidazole as
described for their counterparts in previous sections. This purification procedure
allows soluble native proteins to be isolated. Samples collected at different stages
of the purification process for Snk-SD-His; were visualized by electrophoresis on
an 8% SDS-PAG (Figure 3.3.6). Similarly, samples collected during the His;o-
Res1-SD and Res2-SD-His; purification process were visualized by
electrophoresis on 12% SDS-PAG (Figure 3.3.7). All of these proteins appeared
to run at their expected molecular weights and fractions that contained the desired
proteins were pooled and concentrated by using centrifugal concentrators with
molecular weight cutoff of 10kDA and then resuspended in protein storage buffer

and stored at -80°C in small aliquots.

3.3.5 Invitro phosphorylation assays

When proteins (both wild type and with altered putative phosphorylation
sites) of each component of the two-component system were obtained in sufficient
amounts, phosphorylation assays were carried out with different combinations of
wild type proteins and proteins with altered phosphorylation sites. Each
combination was done in duplicate. Unlike wild type Snk-His; protein,
radioactive phosphate signal from Snk-SD-His; was not observed (Figure 3.3.8).
When His;o-Res1-SD and Res2-SD-His; were incubated separately or together
with Snk-His;, only the band corresponding to Snk-His; was observed and
phosphorylated response regulators could not be detected. This strongly indicated

that H-365 of Snk and the conserved asparatic acid residues, D-65 of Res1 and D-
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Figure 3.3.6. Purification of Snk-SD-His; from E. coli BL21(DE3) carrying pT7-
7His-snk-SD. Protein samples were taken at different stages of the overexpression
and purification processes and analyzed by SDS-PAGE. Proteins were visualized
by staining with Coomassie blue. Lane M, PageRuler™ prestained Protein Ladder
Plus molecular weight marker. Lane I, induced total protein sample. Lane CL,
cleared lysate. Lane WT, wash-through. Numbers above lanes indicate the

concentration of imidazole (in mM) used to elute the protein samples.
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Figure 3.3.7. Purification of (A) His;o-Res1-SD and Res2-SD- His; from E. coli
BL21(DE3) carrying pET-19b-res-SD and pT7-7His-res2-SD, respectively.
Protein samples were taken during different stages of the overexpression and
purification processes and analyzed by SDS-PAGE. Proteins were visualized by
staining with Coomassie blue. Lane M, PageRuler™ Protein Ladder Plus
molecular weight marker. Lane I, induced total protein sample. Lane CL, cleared
lysate. Lane WT, wash-through. Numbers above lanes indicate the concentration

of imidazole (in mM) used to elute the protein samples.
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Figure 3.3.8. In vitro phosphorylation of Snk-His;, His;o-Res1 and Res2-Hisy and
Snk-SD-His;, His|op-Res1-SD and Res2-SD-His;. Reactions were incubated at
30°C for 30 minutes with excess [y->"P] ATP. Reactions were stopped by cooling
on ice and addition of 5x SDS-PAGE loading buffer. Samples were
electrophoresed on a 15% SDS-PAG, dried and then exposed for 16 hours to a
phosphor screen. Labels above each lane indicate the protein or proteins included

in the reaction mixture.

SD = site-directed mutant versions of the corresponding proteins.
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52 of Res2 identified previously were the actual phosphorylation sites, since
changing these residues to alanines prevented Snk autophosphorylation and
abolished the ability of Resl and Res2 to undergo phosphorylation by receiving

phosphate molecules.
3.3.6 Phosphorylation dynamics between Res1 and Res2

One interesting finding when carrying out phosphorylation assays as
described above, was that whenever Hisjo-Res1 was present in the reaction
mixtures, the signal intensity of either labelled Snk-His; or Res2-His; dropped
significantly (Figure 3.3.3 and 3.3.8). Since y-P**-ATP was always used in excess,
one possible explanation was that Res1 might possess phosphatase activity that
constantly removes phosphate from these two proteins; another possible
explanation is that Resl can interact with and induce conformational change on
Snk, thus revealing its phosphatase domain, which could in turn cause phosphate
to be removed from these proteins. Studies were carried out to investigate this

observation.
3.3.6.1 Construction of MBP fusion protein overproduction vector

The presence of Snk in reaction mixtures is necessary to initiate the
phospho-relay, but its continued presence would then interfere with studies to
examine possible reactions between Resl and Res2. Since all three of snk, resl
or res2 expression systems use His-tags for protein purification, removal of
Snk specifically from reaction mixtures was not possible. Therefore, to carry

out in vitro dephosphorylation and phospho transfer assays, a new Snk protein
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producing strain first had to be constructed. pMAL-snk, which upon induction
will produce a maltose binding protein (MBP) fusion protein, was prepared.
This would allow phosphorylated His;p-Res1 or Res2-His; to be separated
from MBP-Snk after in vitro phosphorylation. snk from pT7-7-snk was cloned
downstream of malE, which encodes MBP, in the pMAL-C5X expression
vector as an Ndel/BamHI fragment. pMAL-snk was then transformed into
BL21(DE3) for high level protein production. MBP-Snk was produced and
purified successfully by following the protocol provided by the manufacturer
(NEB) (data not shown). However, in vitro phosphorylation assays indicated
that MBP-Snk was unable to phosphorylate His;o-Res1 and Res2-His; (data
not shown). This may be due to the presence of the large MBP tag (~42 kDa),
which physically blocked the interaction between Snk and the response
regulators, thus inhibiting the transfer of the phosphate molecules. As a result,
the coding sequences of res/ and res2 from pET-19b-res! and pT7-7-res2,
respectively, were cloned into the pMAL-C5X expression vector with the same
strategy as described above to obtain pMAL-res/ and pMal-res2 and
transformed into BL21(DE3). MBP-Res1 and MBP-Res2 were produced and
purified successfully by using the protocol as described in 2.9.6. Samples
collected during the purification process were visualized by electrophoresing
on 8% SDS-PAG. MBP-Res1 and MBP-Res2 appeared to run at their expected

molecular weights of about 58 kDa and 67 kDa, respectively (Figure 3.3.9).

After purification, phosphorylation assays were first carried out to

determine if the proteins were still intact and could undergo phosphorylation by
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Figure 3.3.9. Purification of (A) MBP-Res1 and (B) MBP-Res2 from E. coli
BL21(DE3) carrying pMal-res] and pMal-res2, respectively. Protein samples
were taken during different stages of the overexpression and purification
processes and analyzed by SDS-PAGE. Proteins were visualized by staining with
Coomassie blue. Lane M, PageRuler™ Protein Ladder Plus molecular weight
marker. Lane I, induced total protein sample. Lane CL, cleared lysate. Lane WT,
wash-through. Numbers above lanes represent fractions eluted from the amylose

affinity column with column buffer supplemented with 10 mM maltose.
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WT Snk-His;. Despite the presence of the large MBP tag, both MBP-Res1 and
MBP-Res2 were confirmed to undergo phosphorylation in the presence of Snk-
His; (Figure 3.3.10). After confirmation that both MBP fusion proteins could be
phosphorylated by Snk, MBP-Res1 and MBP-Res2 were further purified by
running through a HiLoad 26/10 Q Sepharose High Performance anion exchange
column to remove maltose that was present in the elution buffer. The presence of
maltose would otherwise inhibit MBP fusion proteins from re-binding to amylose
resin, which is a crucial step as described in the next section. Proteins were eluted
from the anion exchange column with a gradient of NaCl and fractions were
monitored by measuring absorbance at 280 nm. Identity of the protein was
confirmed by SDS-PAGE. Fractions that contained the desired proteins were
pooled, concentrated and stored as described previously (Section 2.9.8; Figure

3.3.11).
3.3.6.2 Purification of phosphorylated MBP-Res1 and MBP-Res2

Pure phosphorylated MBP-Res1 and MBP-Res2 were obtained by using
the procedures illustrated in Figure 3.3.12. In vitro phosphorylation assays were
first carried out between purified MBP-Resl or MBP-Res2 and Snk-His; protein
in the presence of excess [y-">P] ATP. Once the reactions were complete,
phosphorylated MBP-Res1 and MBP-Res2 were separated from Snk-His; by
combining the reaction mixtures with amylose resin and incubating on ice for 15
minutes. After incubation, the resins were washed extensively with kinase buffer
at 4°C to remove unbound proteins and small molecular weight components

including ATP. Phosphorylated MBP-Res1 and MBP-Res2 were isolated
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Figure 3.3.10. Phosphorylation of MBP-tagged response regulators. (A) In vitro
phosphorylation of wild type Snk-His; and MBP-Res2. Lane C, control reaction
mixture, contained Snk-His; only. Lane 1, both wild type Snk-His; and MBP-
Res2 were added to the reaction mixture. (B) In vitro phosphorylation of wild
type Snk-His; and MBP-Res1. Reactions were incubated at 30°C for 30 minutes
with excess [y-"*P] ATP. Reactions were stopped by cooling on ice and addition of
5x SDS-PAGE loading buffer. Samples were electrophoresed on a 12% SDS-PAG,

dried and then exposed for 16 hours to a phosphor screen.
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Figure 3.3.11. Anion exchange chromatography of MBP fusion proteins.
Recovery of (A) MBP-Res1 and (B) MBP-Res?2 after purification with the HiLoad
26/10 Q Sepharose High Performance anion exchange column. Proteins were
eluted from the column by increasing concentration of NaCl. Protein-containing
fractions, identified by measuring A,g, were analyzed by SDS-PAGE and
visualized by staining with Coomassive blue. Lane M, PageRuler™ Protein

Ladder Plus molecular weight marker.
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Figure 3.3.12. Schematic diagram of the process leading to the purification of

phosphorylated MBP-Res1 and MBP-Res2.
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successfully, for use in the following in vitro protein assays, by eluting bound
proteins from the resin with kinase buffer supplemented with 1 mM maltose (data
not shown). Nonradioactive trial experiments were also carried out to confirm that
Snk-His; was efficiently removed and no detectable amount was present in the
eluate, as determined by running samples collected at different stages by SDS-
PAGE and visualizing proteins by staining with Coomassie brilliant blue (data not

shown).

3.3.6.3 In vitro dephosphorylation assays

Once phosphorylated MBP-Res2 was isolated (Section 3.3.5.2), in vitro
dephosphorylation assays were carried out. Phosphorylated MPB-Res2 was mixed
with Hisjo-Res1 and incubated at 30°C. Samples were then taken at different time
points to a maximum of 5 hours. Reactions were stopped by addition of SDS-
PAGE sample buffer and placed at 4°C. All collected samples were then
electrophoresed on 10% SDS-PAG to separate the proteins and the dried gel was
exposed to a phosphor screen. This experiment was carried out multiple times
with minor condition changes and the best data are shown in Figure 3.3.13. In the
control reactions that contained phosphorylated Res2-MPB alone, some
spontaneous dephosphorylation was observed (Figure 3.3.13). When
phosphorylated MBP-Res2 was incubated with Hisjo-Res1, a much more rapid
rate of dephosphorylation of Res2 was observed (Figure 3.3.13). This suggested
that Res1 may possess phosphatase activity or enhance autophosphatase activity

of Res2.



Figure 3.3.13. In vitro dephosphorylation assays. (A) Phosphorylated MBP-Res2
was incubated at 30°C alone for the times indicated. (B) Phosphorylated MBP-
Res2 was incubated with His;p-Res1 at 30°C for the times indicated. Reactions
were stopped by cooling on ice and addition of 5x SDS-PAGE sample buffer.
Samples were electrophoresed on 12% SDS-PAG. Gels were dried and then

exposed overnight to a phosphor screen.
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3.3.6.4 Phospho-transfer assays

To determine the phosphorylation dynamics between Res1 and Res2,
phospho-transfer assays were carried out. After phosphorylated MBP-Res1 was
isolated (Section 3.3.5.2), it was mixed with unlabeled Res2-His; protein and
incubated at 30°C for 10 minutes. A normal kinase reaction was also set up with
Snk-His;, MBP-Res1 and Res2-His; as a control. Reactions mixtures were then
electrophoresed on 10% SDS-PAG. Dried gels were exposed to a phosphor screen
to detect radioactive signals. The experiment was carried out multiple times with
minor condition changes and the best data are shown in Figure 3.3.14. As
expected, radioactive phosphate signals were detected from all three proteins of
the two-component system in the control reactions. In the test reaction,
radioactive signals were detected from phosphorylated MBP-Res1. Surprisingly, a
band corresponding to Res2-His; was also observed from this test reaction, in
which Snk-His; was not present (Figure 3.3.14). This indicated that Res1 was able

to transfer its phosphate molecules to Res2.
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Figure 3.3.14. Phosphotransfer activity between phosphorylated Res1 and Res2.
Lane C, standard phosphorylation assay with Snk-His;, MBP-Res1 and Res2-His;
present in the reaction mixture; lane 1, phosphotransfer between phosphorylated
MBP-Res1 and Res2-His;, where Snk-His; was not added to the reaction mixture.
Phosphorylated MBP-Res1 was mixed with Res2-His; and incubated at 30°C for
15 minutes. Reaction mixtures were cooled on ice and combined with 5x SDS-
PAGE loading buffer. Both samples were electrophoresed on a 12% SDS-PAG,

dried and exposed 16 hours to a phosphor screen.
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Chapter 4

Discussion



4. Discussion

The main objective of this thesis was to investigate the regulation of
clavam biosynthesis in S. clavuligerus. The first approach taken was to
characterize the unexpected severity of the defect in clavam biosynthesis in ceaS2
mutants and explore the relationship between ceaSI and ceaS2. In subsequent
studies, the regulation of 55 clavam biosynthesis by the snk/resl/res2 atypical
two-component system, and the pathway specific transcriptional regulator, C7P,
was also investigated. Each component, and the phosphorelay mechanism of the
two-component system were further characterized. Compiling the results from
this thesis and other studies, the major findings will be discussed in the following

sections.

4.1 Polar effect exerted on transcription of downstream genes

When the AceaS2-1F mutant prepared by Tahlan (2005) was first
analyzed, it was found that this mutant was still severely compromised in clavam
biosynthesis, a phenotype similar to that seen in ceaS2::apra, ceaS2-Fs and
AceaS2::apra mutants constructed previously. A complementation test with a copy
of ceaS2 did not restore clavam production (Tahlan, 2005). In contrast, by
complementing these mutants with a large fragment of DNA, which included the
ceaS?2 to the cad genes from the clavulanic acid gene cluster (Figure 1.3),
clavulanic acid production was restored (Table 3.1). Since ceaS2, bls2 and pah2
are transcribed together as a polycistronic transcript, this suggested that a polar

effect still affected transcription of the downstream genes in AceaS2-1F. To
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examine this hypothesis, RT-PCR and Western analyses were carried out to assess
bls transcription and Bls production, respectively. On analysis, it was found that
all ceaS2 mutants were incapable of producing Bls protein (Section 3.1.4) and bls
transcripts were not detected in AceaS2-IF (Section 3.1.6). This indicated that
although AceaS2-1F was expected to have little or no effect on transcription of
downstream genes, polarity still prevented transcription of the downstream genes
that encode proteins involved in catalyzing the early steps of the clavam

biosynthetic pathway.

The AceaS2-IF mutant was prepared by using the REDIRECT method™
(Gust et al. 2003). A gene cassette, which contains an origin of transfer (oriT) and
an antibiotic resistance gene, flanked by two FRT (FLP recombinase target) sites
in the same orientation was amplified by PCR with specially designed primers.
These primers were designed so that one end of each primer is homologous to the
gene cassette and the other end is homologous to the appropriate region on a
cosmid that carries the target gene to be disrupted. The amplified cassette was
then introduced into an E. coli strain already carrying the A RED recombination
genes as well as the target cosmid. Homologous recombination allowed the
amplified cassette to replace the target gene, therefore disrupting the target gene
on the cosmid. Finally, the mutated cosmid was conjugated into Streptomyces
cells, and through a double cross-over recombination, the desired gene(s) in the
Streptomyces' chromosome was replaced by the disruption cassette. To generate
an unmarked and in-frame mutant, presumed to be non-polar, another plasmid

carrying the flp gene, which encodes FLP recombinase and catalyzes
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recombination between the two FRT sites, was transiently introduced into S.
clavuligerus. Expression of Flp would excise the intervening DNA between the
FRT sites of the gene cassette on the chromosome and leave just the start and stop

codons of the original target gene and an 81-bp scar sequence.

A close inspection of the scar sequence revealed the presence of a rare
CTA codon. Codon usage has been shown to be highly biased in Streptomyces
spp. because of the high G+C content of Streptomyces DNA. TTA codons and the
bldA gene, which encodes the tRNA for this rare leucine codon have been shown
to be involved in regulating secondary metabolism in S. coelicolor and various
Streptomyces spp. (Chater and Chandra, 2008). A S. coelicolor bldA mutant is
unable to produce actinorhodin, undecylprodigiosin and methylenomycin and
TTA codons have been identified in actll-ORF4, redZ, mmfL and mmyB that
encode pathway-specific transcriptional regulators, which control the biosynthesis
of previously mentioned secondary metabolites, respectively (Chater and
Chandra, 2008). A bld4A mutant of S. avermitilis was found to be incapable of
producing avermectin, which is an important macrocyclic polyketide widely used
as an anthelmintic agent and has a high value in the medical, veterinary, and
agricultural fields (Tao et al. 2007). The pathway-specific regulator AveR, which
positively controls avermectin production by direct binding to promoter region of

regulated genes, also contains a TTA codon (Guo ef al., 2010).

Both studies indicated that ribosome stalling at the TTA codon could lead
to transcriptional polarity. Based on these results, although the scar sequence

mentioned above is small, in-frame and a TTA codon is not present, the presence



of a rare CTA codon in this sequence in the AceaS2-IF mutant, might still exert a
polar effect on transcription of genes downstream from ceaS2. In such a situation,
the CTA codon could lead to pre-mature termination of transcription by stalling
the ribosome at that point, therefore bls2 would not be transcribed and Bls2 would
not be produced. It may also be possible that the CTA codon context can
influence the severity of the phenotype in a way similar to that proposed for TTA

codons (Trepanier et al., 2002).

Although the REDIRECT method™ provides a relatively simple and
effective way to generate in-frame deletion mutants and has been widely used in
different laboratories, as co-transcription is a common phenomenon to save
resources by co-regulating genes that belong to the same gene cluster, caution
should be taken to ensure that the phenotype observed is not still due to a polarity
effect on downstream genes. Similar to the egfp gene, in which the codon usage of
the original version has been modified to facilitate expression in high G+C
Streptomyces DNA, the CTA codon could be substituted with alternative leucine
codon such as CTC or CTG, which is commonly used in Streptomyces, to
alleviate possible polarity. However, as the CTA codon is located within the FRT
site, it is not certain that such changes would not interfere with FLP recognization

and excision of the intervening DNA.
4.2 ceaS1 and ceaS?2 regulation

Even though polarity still persists in these mutants, this alone still does not

explain why clavam production was so severely affected in the various ceaS?2
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mutants, as ceaS/ and ceaS2 encode proteins that both catalyze the same reaction.
Even if disrupting ceaS2 led to polarity, a reduced level of clavam biosynthesis
instead of a total loss of production should be observed because ceaSI was still
intact. Since the crystal structure of CeaS2 was shown to be a tetramer (dimer of
dimers) (Caines et al. 2004), it was initially considered that for CeaS1 to function,
it may need to form heterodimers with CeaS2, or that CeaS1 does not have the
same activity as CeaS2. However, since production of clavam metabolites was
restored when AceaS2-IF was grown on solid medium, this indicated that ceaS1
was transcribed and the encoded protein was functional in the absence of any
CeaS2 protein (Section 3.1.8). Therefore, this leads to an altenative hypothesis
that cross regulation must be taking place between ceaS! and ceaS2. This
regulation is possibly at the transcription level because the bacterium could be at a
disadvantage due to the high energy cost to regulate at the post-transcription level
(transcribe or translate a gene that will not function). This was addressed by
determining ceaS1 transcription and CeaS1 production in various ceaS2 mutants.
On analysis, all ceaS2 mutants were shown to be incapable of producing
CeaSlprotein (Section 3.1.3) and ceaS|! transcripts were at much lower
abundance, or absent, in AceaS2-IF compared to wild type S. clavuligerus
(Section 3.1.6). These results provided evidence that ceaSI and ceaS?2 are cross
regulated through an unknown mechanism. Previous studies have shown that the
two different copies of ceaS gene are under different regulation, where ceaS/ and
ceaS?2 are both expressed in complex Soy medium but only ceaS?2 is expressed in

defined starch asparagine medium (Tahlan et al. 2004). This study, however,



clearly indicated that an additional regulatory mechanism governing transcription
of ceaS1 and ceaS2 must exist such that transcription of the two genes is
interconnected, at least in liquid medium. Interestingly, complementation studies
as described in Section 3.1.3 showed that CeaS1production was not restored, even
though clavulanic acid production was restored in the complemented strains. This
suggested that the integrity of the ceaS2 in its native chromosomal position is
required for efficient transcription of ceaS/ and downstream genes. The
mechanism employed by Myxococcus xanthus to control the formation of

multicellular fruiting bodies might be able to explain this observation.

Under nutrient limitation conditions, M. xanthus undergoes morphological
differentiation and develops into fruiting bodies, which contains spores. Many of
these developmental genes were shown to be expressed from o>*-dependent
promoters. To activate transcription from these promoters, additional activator
proteins are also required to bind to DNA sequences, which are similar to
enhancer sequences from eukaryotes, thus, these regulatory proteins are referred
to as enhancer-binding proteins (EBPs) (Ghosh et al., 2010; Jelsbak et al., 2005).
DNA looping allows bound EBPs to interact with RNA polymerase, forming an
open complex and activating transcription (Ghosh et al., 2010). Although these
enhancer elements are typically located 70-150 bp upstream of transcription start
site (Buck et al., 2000), regulatory elements located >400 bp have been identified

in M. xanthus (Viswanathan et al., 2007).

Although S.coelicolor (and presumably also S. clavuligerus) does not

encode recognizable EBPs or 6>*, that does not rule out the possibility that an

219



220

analogous system may exist in Streptomyces spp. Based on the data obtained, it
might be possible that an enhancer-type element is located in close proximity or
within ceaS2. Therefore, disrupting ceaS2 by inserting an antibiotic resistance
gene or introducing a frame shift mutation, or deleting ceaS2 would either alter
the relative location of the enhancer element or prevented binding of EBP. This
would then interrupt the interaction between EBP bound at the enhancer element
and the RNA polymerase. As a result, transcription would not be initiated. Since
the paralogue gene cluster is located on the pSCL4 plasmid (Medema et al.,
2010), this also suggested a possible interaction between the chromosome and
plasmid.

EBPs have N-terminal domains that can respond to environmental stimuli
and some of these resemble the two-component response regulator receiver
domain (Studholme and Dixon, 2003). A few EBPs identified from M. xanthus
contained a forkhead-associated (FHA) sensory domain. Since the FHA domain
specifically recognizes phosphothreonine residues and Ser/Thr protein kinases
(STPK) are highly abundant in this organism (Kroos, 2005), it was proposed that
Thr of the STPK undergoes autophosphorylation in response to environmental
signals and the FHA domain of EBPs recognizes and interacts with the
phosphorylated STPK. Transfer of phosphate from the STPK to the EBP activates
and promotes interaction with RNA polymerase, and activates transcription

(Jelsbak et al., 2005).

As complete genome sequencing revealed that two-component systems are

highly abundant in Streptomyces spp., and cognate response regulators have not
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been identified for some of these sensor kinases, it is possible that sensor kinases
autophosphorylate in response to an environmental signal and then phosphorylate
EBP-type-regulatory proteins, which in turn control transcription of ceaS/ (Figure
4.1). Such a system, if it exists, would have to be active only when S. clavuligerus
was grown in liquid medium to explain the discrepancy between liquid and solid
medium. Since S. clavuligerus cannot sporulate in liquid medium, the sensor
kinases involved could be sensing osmolarity difference or recognizing some
other signals that regulate sporulation. However, at this point, the mechanism

controlling ceaS1 transcription remains elusive.

4.3 Effect of the atypical two-component system and C7P on 5§ clavam

metabolite biosynthesis

Previous studies have shown that the Snk/Res1/Res2 two-component
system and the pathway-specific transcriptional regulator, C7P, are important for
58 clavam biosynthesis (Tahlan, 2005; Zelyas, 2007; Figure 3.2.1). Therefore,
studies were initiated to further characterize how this system and C7P regulate
production of 5§ clavams. RT-PCR was carried out to determine genes that might
be controlled by these proteins. Besides biosynthetic genes that are specifically
involved in late steps for 5S clavam production, c7p transcription was also shown
to be affected in a snk and res2 mutants, but not the opposite (Table 3.2). This
indicated that this two-component system operates at a higher level in the
regulatory hierarchy controlling 55 clavam production in S. clavuligerus. EMSA
further indicated that Res2 binds to the putative promoter region of ¢7p, and the

encoded C7P protein binds to promoter regions of some tested late biosynthetic
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Figure 4.1. A proposed mechanism for regulation of ceaS1 transcription by ceaS?2

of S. clavuligerus.
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genes (Section 3.2.4.1 and 3.2.4.2). This suggested Res2 controls transcription of

c7p, which in turns controls transcription of biosynthetic genes.

Snk is a soluble sensor kinase and contains two tandem GAF domains at
the N-terminus (Tahlan, 2005). Although the exact stimulus detected by Snk is
not known, GAF domains have been shown to be involved in binding small
molecules such as cyclic nucleotides (cGMP and cAMP), heme, 2-ketoglutarate,
formate, and Na" (Cann 2007; Ho et al. 2000; Hopper and Bock 1995; Little and
Dixon 2003; Sardiwal et al., 2005). Therefore, it was proposed that binding of

some type of these small molecules would stimulate Snk autophosphorylation.

Both Res1 and Res2 showed similarity to response regulators. Although
Res2 contains both an N-terminal phosphorylation receiver domain and a C-
terminal DNA binding domain, typical of a response regulator, Res1 only contains
the N-terminal phosphorylation domain (Zelyas, 2007). In order to characterize
the phosphorylation dynamics between these three proteins, they were
overproduced and purified as His-tagged proteins (Section 3.2.3). In vitro
phosphorylation assays demonstrated that, with the conditions used, Snk is
capable of autophosphorylation and both Res1 and Res2 can be phosphorylated by
Snk (Section 3.3.1). The conserved histidine residue, H-365 of Snk and the
conserved asparatic acid residues, D-65 of Res1 and D-52 of Res2, are the actual
phosphorylation sites, as changing these residues to alanines prevented Snk
autophosphorylation and blocked the ability of Res1 and Res2 to receive the
phosphate molecules from Snk (Section 3.3.2 and 3.3.4). To further characterize

the phosphorelay mechanism between Res1 and Res2, in vitro protein assays were
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carried out. The results not only indicated that Res1 possesses phosphatase
activity (Section 3.3.5.3), but also strongly suggested that it is capable of

transferring phosphate molecules to Res2 (Section 3.3.5.4).

Although three-component systems have been identified in different
bacteria, the mechanism governing their regulation remains largely unknown
(Buelow and Raivio, 2010). These systems have been shown to play a key role in
regulating a wide variety of activities. One of these is the RocSAR system from
Pseudomonas aeruginosa that is involved in biofilm formation and maturation
(Kuchma et al., 2005; Kulasekara et al., 2005). This system contains a sensor
kinase, RocS1, and two response regulators, RocA1 and RocR. Similar to Res2,
RocAlcontains a response regulator domain and a DNA-binding domain.
Although RocR also contains a response regulator domain, it is linked to an
glutamate-alanine-leucine (EAL) domain instead of a DNA-binding domain
(Kulasekara et al. 2005). Disrupting rocS1, rocAl, or rocR resulted in immature
biofilm formation (Kuchma et al. 2005). Since bacterial two-hybrid systems
showed that RocS1 can interact with both RocA1 and RocR, it was proposed that
an environmental signal will induce RocS1 autophosphorylation, which can then
phosphorylate RocA1l and RocR (Kulasekara et al. 2005). Phosphorylated RocA1l
can then control transcription of target genes by direct binding to promoter region
through its DNA-binding domain. In contrast, RocR is believed to regulate gene
expression indirectly by controlling the intracellular concentration of cyclic di-
GMP, as its EAL domain is associated with degradation of cyclic di-GMP to

GMP, which serves as a signalling molecule to control biofilm formation, surface
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motility and morphological development (Schmidt et al., 2005). However, these
roles remain speculative, and it is still not clear how, or if, these two response

regulators interact with each other.

Another three-component system is the CbbRRS system from
Rhodopseudomonas palustris. This system was shown to regulate expression of
the cbbLS genes, which encode the form I ribulose 1,5-bisphosphate
carboxylase/oxygenase (RubisCO) involved in CO, fixation (Romagnoli and
Tabita 2006). It is composed of the CbbSR sensor kinase and two response
regulators, CbbRR 1 and CbbRR2. Both of these response regulator proteins
lacked the DNA-binding domain that is typical for a response regulator
(Romagnoli and Tabita, 2006). Therefore, it is still unclear how this system
regulates the expression of RubisCO. Interestingly, a complex phosphorelay
mechanism that involves multiple domains on both the sensor kinase and the

response regulators has been described (Romagnoli and Tabita, 2007).

Although the reason for S. clavuligerus to maintain this atypical two-
component system to regulate 5S clavam biosynthesis is not clear, it is likely that
Reslserves as an additional checkpoint for fine-tuning 5§ clavam production.
Based on the work from this thesis and data from previous studies, a mechanism
for how this system may work can be proposed (Figure 4.2). Upon binding to
small molecules through the GAF domains, Snk undergoes autophosphorylation.
Resl and Res2 then compete with each other for the phosphate molecules from
Snk. At this point, if the signal persists, more of the response regulators can be

phosphorylated. Phosphorylated Res1 may interact and then transfer its phosphate
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Figure 4.2. A proposed mechanism for interaction between the Snk/Res1/Res2
atypical two-component system and the transcriptional regulator C7P of S.
clavuligerus. Speculative steps that have not been verified experimentally are

shown in broken arrows.
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molecules to Res2, which further enhances the amount of phosphorylated Res2.
As aresult, 55 clavam biosynthesis is up-regulated as Res2~P activates c¢7p
transcription by binding to its own promoter and the encoded C7P protein
activates transcription of 55 clavam biosynthetic genes. On the other hand, if the
signal diminishes, phosphatase activity of Res1 will desphosphorylate Res2~P,
therefore, resetting the system and reducing the amount of 55 clavams being
produced. Obviously, additional work is required to confirm this mechanism.
Another possibility is that Res1 may actually form a heterodimer with Res2 and
modulate Res2 activity. To investigate this hypothesis, a bacterial two-hybrid

system can be employed to test whether or not Res1 and Res2 interact.

4.4 Conclusions

Despite the work discussed here, the exact mechanism of regulation of 5§
clavam biosynthesis in S. c/lavuligerus remains elusive. Since sequencing of the S.
clavuligerus genome sequence, at least in draft form, has just been completed
(Medema et al., 2010), future studies could include microarray analyses
comparing a AceaS2-1F mutant grown in liquid and solid medium to provide some
insight of how ceaS|1 is being affected by ceaS2. In addition, because RT-PCR
pointed out that, besides the late genes, some of the early genes of clavam
biosynthesis are also affected in a res2 mutant (Table 3.2), it is likely that this
complex regulatory network would control a much larger number of genes.
Therefore, S. clavuligerus genomic DNA microarrays can also help to provide a
more comprehensive list of genes being regulated by this two-component system.

Continued examination of the Snk/Res1/Res2 system will provide a better
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understanding of the regulatory circuits of clavam biosynthesis. This may lead to
higher clavulanic acid production at the industrial level through strain
improvement by directing more resources from 55 clavam to the clavulanic acid

biosynthetic pathway.
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