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Abstract 
 

Production of clavams (including clavulanic acid, a potent β-lactamase 

inhibitor) has been studied in Streptomyces clavuligerus. All clavams share the 

early biosynthetic steps. However, many of the late steps of the pathway remain 

unclear. Streptomyces antibioticus Tü1718 was chosen for this study because it 

produces two 5S clavams (different from clavulanic acid in their stereochemistry) 

and no clavulanic acid. After screening a cosmid library of the gDNA of this 

bacterium for a cas gene (encoding an early biosynthetic enzymes), a cosmid was 

selected. After finding additional early genes (bls, pah, ceaS, oat) and some 

putative late pathway genes (an aminotransferase and ORFs similar to c7p, cvm1 

and orfA of S. clavuligerus) in the regions flanking cas, the whole cosmid was 

sequenced. Several novel genes were encountered including ntr that showed 

similarity to a nitroreductase. Knock out mutation of the cas and ntr gene 

abolished clavam production in S. antibioticus Tü1718.  
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I. Introduction 

I.1 Antibiotics: a brief introduction 

 
Antibiotics (anti-= against, bios-= life) are chemical substances that are 

produced by certain microorganisms. These substances inhibit the growth and 

development of other microbes. Unlike the more generic term of antimicrobial 

agents, which could be chemically synthesized, antibiotics are natural products of 

microbial activity (Madigan et al. 2000; Pyatkin 1967).  

Antibiotics are divided into different groups depending on their chemical 

structures and their modes of action. One of the most important groups of 

antibiotics, both historically and medically, is the β-lactam group. This group 

includes penicillins, cephalosporins, cephamycins, clavams and carbapenams, all 

medically important antibiotics (Demain and Elander 1999). These antibiotics all 

share the presence of a characteristic structural component, the β-lactam ring 

(Figure I.1). The penicillins and cephalosporins together account for over one half 

of all of the antibiotics produced and used world-wide (Madigan et al. 2000). 

The first β-lactam antibiotic that was discovered was penicillin. This 

antibiotic was found by Fleming in 1929 in broth filtrates from the fungus 

Penicillium. Fleming showed that this broth filtrate caused the lysis of 

Staphylococcus colonies (Fleming 1929). The first report of a bacterium (from the 

Streptomyces family) able to produce β-lactams was made by Miller et al. in 1962 

(Miller et al. 1962). β-Lactam antibiotics inhibit cell wall synthesis by 

deactivating the transpeptidases (also known as penicillin binding proteins, PBP) 
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responsible for cross-linking of two glycan linked peptide chains. The β-lactam 

antibiotics bind to the transpeptidase as an analog of acyl-D-alanyl-D-alanine. 

Bacteria that are unable to synthesize their cell wall can no longer reproduce. 

Because Gram positive bacteria lack the lipopolysaccharide layer that the Gram 

negatives possess, they are more susceptible to these antibiotics (Tipper and 

Strominger 1965; Wise and Park 1965). 

I.2 Antibiotic resistance and importance of a β-lactamase 
inhibitor 

 
Due to widespread use of penicillins, many species of pathogenic 

microorganisms have become resistant to these antibiotics. This can be either an 

acquired ability, or a characteristic of the bacterium. First, it should be noted that 

in terms of evolution, most resistance genes might have been acquired through a 

process of genetic exchange from the antibiotic producers. In order to protect 

themselves from the antibiotics they produce, the antibiotic producing organisms 

have developed mechanisms to neutralize or destroy their own antibiotics. So, in 

the right conditions these resistance genes can be transferred to other organisms 

(Madigan et al. 2000). 

One of the mechanisms of resistance to β-lactam antibiotics is by the 

microorganism acquiring the ability to alter the antibiotic to an inactive form by 

the enzyme β-lactamase (Baggaley et al. 1997). This enzyme breaks the β-lactam 

ring and therefore deactivates the antibiotic. A scheme of this reaction can be seen 

in Figure I.2. Deactivating the β-lactamases is an effective way of fighting 
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resistant bacteria. One example of a product that deactivates a number of β-

lactamases is clavulanic acid. This β-lactam antibiotic is an important β-lactamase 

inhibitor and is used with other drugs to eradicate infections caused by resistant 

bacteria. 

I.3 The structure of clavulanic acid and other clavams 

 
Clavulanic acid belongs to the clavam group of antibiotics, which is one of 

the groups in the β-lactam family. The nucleus of clavulanic acid is similar to 

penicillins. However, the oxazolidine ring (instead of the thiazolidine group in 

penicillins) contains oxygen instead of sulfur. In addition, this bicyclic clavam 

nucleus lacks the C-6 acylamino side chain of penicillins (Baggaley et al. 1997, 

Jensen and Paradkar 1999). Figure I.3 shows the structure of penicillin and the 

other clavams. 

Other clavams differ from clavulanic acid in that they lack the carboxyl 

group at C-3 and have a 5S stereochemistry. These other clavams also have 

different side chains on their C-2 carbon (Liras and Rodriguez-Garcia 2000). In 

contrast, clavulanic acid has a 5R 3R stereochemistry, which is unique among the 

clavams. Because of their 5S stereochemistry, the other clavams are also called 5S 

clavams and will be referred to in that way from here on (Baggaley et al. 1997, 

Jensen and Paradkar 1999). Figure I.3 shows the structure of clavulanic acid and 

some of the 5S clavams.  

Clavamycins are the other members of the 5S clavam family. These 

antibiotics have larger and more complex side chains on their C-2. The structure 
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of these metabolites is shown in Figure I.4, in which R shows the different side 

chains that can be present at C-2. 

I.4 Activity of clavulanic acid and the 5S clavams 

As mentioned earlier clavulanic acid is a potent β-lactamase inhibitor. This 

β-lactam antibiotic also possesses weak bacteriocidal effects, with the minimum 

inhibitory concentration (MIC) ranging from 25-125µg/ml (Reading and Cole 

1977). Therefore, clavulanic acid is used in combination with other penicillins 

such as amoxicillin and ticarcillin to protect these antibiotics from hydrolysis. The 

combined drugs are called Augmentin™ and Timentin™, respectively.  

Clavulanic acid can inhibit most of the class A β-lactamases (groups 2a, 2b´, 

2b, 2c and 2e of the catalytic-profile based classification of Bush) and the 

cloxacillin-hydrolyzing enzymes of class D (group 2d). Besides activity against 

these enzymes, clavulanic acid has poor activity against cephalosporinases of 

class C (group 1) and is inactive against Zn2+ metalloenzymes of class B (group 3) 

or the chromosomal penicillinases of group 4 (Bush 1989a and 1989b). 

The 5S clavams exert antibacterial or antifungal effects (e.g. valclavam and 

alanylclavam). The antibacterial activity is due to the non-competitive inhibition 

of homoserine O-succinyl transferase, an enzyme required for methionine 

biosynthesis (Röhl et al. 1987). As a result the clavams act as methionine 

antimetabolites. Clavamycins lack antibacterial activity and were discovered for 

their activity against Candida (King et al. 1986). Only clavulanic acid inhibits β-

sarahgoomeshinobary
Typewritten Text
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lactamase, which is because of its unique 3R, 5R stereochemistry (Baggaley et al. 

1997).  

Clavulanic acid forms an irreversible complex with the β-lactamases at their 

active centers (with the serine hydroxyl group at the active center), producing 

acylated intermediates. This results in the inactivation of the β-lactamase enzyme. 

The mechanism of this inactivation is detailed below and shown in Figure I.5.  

From the acyl intermediate, three simultaneous reactions occur. One 

reaction releases free enzyme and hydrolytic products, resembling the case where 

a normal β-lactam substrate is reacted with the β-lactamase. The second reaction 

is the formation of the irreversibly inactivated enzyme complex. The irreversibly 

inactivated enzyme complex results from further covalent interaction between the 

ring opened clavulanic acid and the enzyme. The third reaction is the formation of 

transiently inhibited complex. This is formed at a faster rate than the irreversibly 

inactivated enzyme complex. The transiently stable complex slowly releases free 

enzyme and hydrolytic products as a result of being in equilibrium with the initial 

acyl intermediate. Some of the enzyme will be irreversibly inactivated, but the 

majority of the enzyme is released in active form and reacts with fresh clavulanic 

acid to repeat the cycle. With each cycle, more enzyme is irreversibly inactivated 

until all the enzyme activity has been eliminated (Butterworth 1984; Sykes and 

Bush 1982; Reading and Cole 1977).     

 

 



 6 

I.5 Clavam producing bacteria 

Clavulanic acid is the most important member of the clavam family. Only 

Streptomyces species are known to produce clavulanic acid. Some of these are S. 

jumonjinensis, S. katsurahamanus, Streptomyces sp., and S. clavuligerus (Box 

1977; Kitano et al. 1979; Tahlan et al. 2007). Among these, S. clavuligerus is the 

microorganism used for the production of clavulanic acid in industry. In addition 

to clavulanic acid, S. clavuligerus is able to produce four 5S clavams and 

holomycin and tunicamycin (Kenig and Reading 1979). Streptomyces antibioticus 

Tü1718 is another microorganism able to produce clavam metabolites. This 

bacterium produces valclavam and hydroxyethylclavam, however it cannot 

produce clavulanic acid (Röhl et al. 1987).  

S. clavuligerus was isolated by Higgens and Kastner in 1971 from a South 

American soil sample (Higens and Kastner 1971). The name 'clavuligerus' 

consists of two part: 'clavula', which means 'little clubs', and '-igerus', which 

means 'bearing' (Stanley et al. 1983). S. clavuligerus produces four different types 

of β-lactam antibiotics as secondary metabolites: clavulanic acid, 5S clavams 

(clavam-2-carboxylate, 2-hydroxymethylclavam, 2-formyloxymethylclavam, and 

alanylclavam), cephamycin C [7-(5-amino-5-carboxyvaleramido)-3-

carboxyloxymethyl-3-cepham-4-carboxylic acid] and penicillin N (Brown et al. 

1976; Nagarajan 1972). 
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I.6 Streptomyces and their life cycle 

 
Streptomyces possesses large, high G+C content (about 70%) chromosomes 

(Kieser et al. 1992 and 2000; Leblond et al. 1990 and 1993; Lezhava et al. 1995). 

Their chromosomes are linear and both linear and circular plasmids can be found 

in these microorganisms (Hayakawa et al. 1978; Lin et al. 1993; Schrempf et al. 

1975). The whole genome of some of the Streptomyces spp. has been sequenced, 

however most analyses have focused on just two species: S. coelicolor and S. 

avermitilis. They both have large chromosomes (about 9.0 Mb), containing about 

7500-7800 genes (Ikeda et al. 2003). 

The genus Streptomyces is a part of the family Streptomycetaceae. This 

family is placed in the Actinomycetales order in the Actinobacteria class 

(Stackerbrandt et al. 2003; Waksman and Henrici 1943). Streptomyces have a 

complex life cycle involving the formation of aerial mycelia from the substrate 

mycelia, and then the development of spores. The start of secondary metabolism 

is believed to coincide with the onset of aerial mycelia formation (Chater 1989). 

As shown in Figure I.6, the spores germinate, forming a germ tube, and then 

grow until they form a network of multinucleate hyphae which are branching 

(Hardisson et al. 1978). Since it grows on the surface (and into the growth 

medium), this mycelium is called substrate mycelium. The substrate mycelium 

ages and as it uses up the nutrients this resulting nutrient depletion leads to the 

formation of the aerial mycelium, which grows upwards. It grows from the inside 

of the branching area (Miguelez et al. 1994). Because the aerial mycelia are far 
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from the nutrients in the growth medium, they get their nutrients from the 

substrate mycelia that are being lysed (Mendez et al. 1985). Cross walls are 

formed between individual nuclei (Wildermuth 1970).  The mycelia become more 

differentiated to form spore chains, which can give rise to more Streptomyces 

colonies (Hardisson and Manzanal 1976). 

 

I.7 Biosynthesis of clavams  

I.7.1 Precursors  
 

The biosynthetic pathway of clavulanic acid and the 5S clavams is shared in 

the early stages (Egan et al. 1997). Therefore these antibiotics have the same 

precursors. Due to the lack of recognizable pathway intermediates analogous to δ-

L-α-(aminoadipyl)-L-cysteinyl-D-valine (the peptide precursor of the 

penicillin/cephamycin biosynthetic pathway), which would support in vitro 

biosynthesis of clavulanic acid, the biosynthetic pathway remained unclear for 

many years (Jensen and Paradkar 1999). Before 1999, it was believed that the 

direct precursors of clavulanic acid biosynthesis were ornithine and pyruvate 

(Pitlik and Townsend 1997; Thirkettle et al. 1997), but then Khaleeli et al. (1999) 

showed that glyceraldehyde-3-phosphate is used as a substrate for the enzyme 

responsible for condensation with arginine to give the C3 part (carbons C-5 to C-

7) of clavulanic acid. It is now believed that glyceraldehyde-3-phosphate is the 

direct precursor of the C3 part, rather than pyruvate (Khaleeli et al 1999).  

After finding a gene encoding an arginase homologue (proclavaminate 

aminohydrolase, Pah) in the gene cluster of clavulanic acid, it was initially 
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suggested that ornithine is the direct precursor of the C5 part of clavulanic acid 

(carbons C-2, C-3, and C-8 to C-10) (Romero et al. 1986). However, in the 

research done by Valentine et al. (1993) using mutants blocked in argG and argF 

(unable to convert ornithine to arginine), the efficient incorporation of arginine 

was shown, whereas, the incorporation of ornithine was weak. This showed that 

arginine is the direct precursor of clavulanic acid (Valentine et al. 1993). It is now 

believed that arginine is the precursor for the C5 part of clavulanic acid (De la 

Fuente et al. 1996; Romero et al. 1986; Townsend and Ho 1985) 

I.7.2 Gene clusters involved in the biosynthesis of clavulanic acid 
and 5S clavams 

 
In most bacteria genes required for the biosynthesis of a specific secondary 

metabolite are located in one gene cluster. Surprisingly in S. clavuligerus, the 

genes for producing clavulanic acid and the 5S clavams are located on three 

distant clusters. These clusters are known as the clavam cluster, the paralogue 

cluster and the cephamycin-clavulanic acid supercluster (Jensen et al. 2000; 

Jensen et al. 2004a and 2004b; Li et al. 2000; Mellado et al. 2002; Mosher et al. 

1999; Tahlan et al. 2004a and 2004b). The first evidence showing that separate 

gene clusters are involved was found when cas1 and cas2 were isolated. These 

genes encode two separate clavaminate synthase (Cas) enzymes, and Salowe et al. 

(1990) hypothesized that one of these enzymes is involved in clavulanic acid 

production, while the other one plays a role in 5S clavam production (Marsh et al. 

1992).  
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Genes responsible for the biosynthesis of clavulanic acid and cephamycin C 

form a supercluster (Aidoo et al. 1994; Hodgson et al. 1995; Ward and Hodgson 

1993). Given that clavulanic acid and cephamycin C are structurally related and 

their biosynthesis is regulated by a shared mechanism, it is perhaps not too 

surprising that their genes would be clustered together. The regulator molecule, 

CcaR, is encoded by a gene located in the cephamycin part of the cephamycin-

clavulanic acid supercluster and positively regulates the biosynthesis of 

cephamycin C and clavulanic acid (Alexander and Jensen 1998; Perez-Llarena et 

al. 1997; Perez-Redondo et al. 1998).  

Although 5S clavams and clavulanic acid have a shared biosynthetic 

pathway to a certain point (Egan et al. 1997) the clavam and clavulanic acid 

clusters do not form one super cluster and instead are on different parts of the 

chromosome, and the paralogue cluster, which contains paralogues for the early 

genes and some genes that are specifically required for production of 5S clavams, 

lies on a giant linear plasmid (Medema et al. 2010; Tahlan et al. 2004a). This fact 

suggests that the 5S clavams and clavulanic acid have different regulatory 

mechanisms. The genes present in these clusters are shown in Figure I.7.  

I.7.3 The biosynthetic pathway and the genes involved 

The biosynthetic pathway of clavulanic acid and the 5S clavams in S. 

clavuligerus can be divided to two stages: Early and Late. The early stages are the 

steps that are the same for clavulanic acid and the 5S clavams. The early stages of 

clavam production have been well established. The late steps however are yet to 
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be determined completely. The early steps of clavam biosynthesis are shown in 

Figure I.8.  

I.7.3.1 Early steps:  
Early intermediates in clavulanic acid production were first discovered in a 

study where metabolites containing guanidino groups were purified from the 

culture filtrate of S. clavuligerus mutants blocked in clavulanic acid production. 

These metabolites were recognized by their ability to participate in the Sakaguchi 

color reaction (Elson et al. 1993). 

The first discovered guanidino intermediate is N2-(2-carboxyethyl)-arginine 

(CEA). The enzyme required for the formation of this structure is 

carboxyethylarginine synthase (CeaS). This enzyme requires thiamine 

pyrophosphate and Mg2+ for its action (Jensen et al. 2000; Perez-Redondo 1998). 

The second guanidino intermediate is deoxyguanidinoproclavaminic acid 

(DGPC). This is a monocyclic β-lactam compound that arises from CEA via 

closure of the β-lactam ring. The enzyme responsible for the formation of the β-

lactam ring, is known as β-lactam synthetase (Bls), and was described by 

Bachmann et al. (Bachmann et al. 1998). This enzyme forms an intramolecular 

amide bond in CEA in the presence of Mg2+ and ATP (Bachmann et al. 1998).  

Until the discovery of Bls, isopenicillin N synthase (IPNS) was the only 

purified enzyme known to form a β-lactam ring. Isopenicillin N synthase forms 

isopenicillin N from the LLD-α-aminoadipyl-cysteinyl-valine (ACV) tripeptide in 

the penicillin and cephalosporin biosynthesis pathway. Although both Bls and 

IPNS are responsible for the formation of a β-lactam ring, their mechanisms are 
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quite different. Bls requires ATP and is similar to asparagine synthetase (a 

primary metabolism amino transferase), while IPNS is a non-heme dioxygenase 

and is more closely related to clavaminate synthase. No clear ATP-binding motifs 

are found in IPNS and this enzyme also shows no similarity in size or domain 

structure to the peptide synthesases (Bachmann et al. 1998; Jensen et al. 2000). 

The next reaction in the pathway is the hydroxylation of DGPC to 

guanidinoproclavaminate. This step is catalyzed by clavaminate synthase 2 (Cas2) 

(Baldwin et al. 1993). Cas2 is encoded by cas2, which is located in the clavulanic 

acid gene cluster. Cas2 requires α-ketoglutarate, O2, and Fe2+ and disrupting the 

cas2 gene results in decreased clavulanic acid production (Salowe et al. 1990). 

Like Cas2, IPNS is also Fe (II) dependent but it does not require α-ketoglutarate 

(Roach et al. 1995). An outstanding feature of these kinds of enzymes is their 

ability to catalyze more than one reaction. The advantage that these enzymes have 

compared to the heme-based oxygenases is that they provide a more flexible 

environment for the catalysis and evolution of new reactions, i. e. they are able to 

catalyze more than one reaction (Kershaw et al. 2005).  

The third guanidino metabolite, guanidinoproclavaminic acid, has a 

hydroxyl group. Its oxygen atom is derived from molecular oxygen. 

Proclavaminate amidinohydrolase (Pah) removes the guanidino group from 

guanidinoproclavaminate through hydrolysis to give proclavaminate (Aidoo et al. 

1994; Elson et al. 1993; Wu et al. 1995). The reaction catalyzed by this enzyme 

was suggested by analyzing the sequence of the gene corresponding to the 
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enzyme (Aidoo et al. 1994; Elson et al. 1993). Pah needs Mn2+ for its action and is 

encoded by pah (Aidoo et al. 1994; Elkins et al. 2002). 

Proclavaminic acid is converted to dihydroclavaminic acid by the action of 

Cas. Dihydroclavaminic acid then undergoes another reaction also catalyzed by 

Cas and is converted into clavaminic acid. Baldwin et al. 1993; Salowe et al. 

1991). Interestingly the presence of an enzyme with the same activity as Cas is 

found in S. antibioticus Tü1718. This enzyme, Cas3, is very similar to Cas1. 

Considering the ability of S. antibioticus Tü1718 to produce clavam metabolites, 

the presence of a Cas enzyme would be expected. Because the gene encoding 

Cas1 (cas1) is suggested to be related to 5S clavam production rather than 

clavulanic acid production, and because S. antibioticus Tü1718 produces two 5S 

clavams but not clavulanic acid, it follows that Cas3 might resemble Cas1 more 

closely than Cas2 (Janc et al. 1995).  

Clavaminic acid is believed to be the branch point between clavulanic acid 

and the 5S clavams. The structure of clavaminic acid comprises the fused bicyclic 

β-lactam/oxazolidine structure, but with a stereochemistry different from 

clavulanic acid, and the same as the 5S clavams. Another similarity of clavaminic 

acid with the 5S clavams is that clavaminic acid is not a β-lactamase inhibitor. 

Janc et al. (1993), following the observation of incorporation of labeled 

proclavaminic acid into the clavams, initially suggested that the biosynthetic 

pathway leading to clavulanic acid and other clavams was the same at least to the 

stage of proclavaminic acid (Janc et al. 1993). Later, Egan et al. (1997) in their 

studies showed that clavaminic acid is a shared intermediate between clavulanic 



 14 

acid and the 5S clavams. In this study, the incorporation of labeled clavaminic 

acid into clavulanic acid and 5S clavams was observed. The conclusion that can 

be made from this observation is that clavaminic acid is incorporated into both 

types of end products (Egan et al. 1997). S. clavuligerus mutants blocked between 

clavaminic acid and clavulanic acid accumulate clavaminic acid. This 

accumulated compound will then be N-acylated to produce several other 5S 

clavam structures. The 5S clavams produced are then exported into the medium 

(Elson et al. 1988). 

The gene oat (in the clavulanic acid gene cluster) is considered one of the 

early genes because it is expressed in the same pattern as the other early genes but 

the exact role of this gene in the biosynthetic pathway is not known. It has been 

shown that an insertional mutation in oat results in decreased clavam production 

(Jensen et al. 2000). The enzyme encoded by this gene (Oat) is an ornithine 

acetyltransferase, which transfers an acetyl group from N-acetylornithine to 

glutamate during arginine biosynthesis. Oat undergoes post-translational 

proteolysis and produces β and α fragments. This reaction happens in other 

ornithine acetyltransferases as well. The two fragments associate and produce an 

α2β2 heterotetramer. Kershaw et al. have suggested that Oat increases the levels of 

arginine in the cell for clavam biosynthesis (Kershaw et al. 2002).   

I.7.3.2 The late steps for clavulanic acid production 
The steps involved in clavulanic acid production after the formation of 

clavaminic acid are not certain. However, recent studies on the sequences of the 
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gene clusters have provided some hints about what the later steps in clavulanic 

acid and 5S clavam production would be.   

Clavaminic acid is converted to N-glycylclavaminic acid by the action of 

ORF17 (Jensen et al. 2000). Mutation in orf17 causes the elimination of 

clavulanic acid production (Jensen et al. 2004a). ORF17 shows similarity to a 

wide range of enzymes, which catalyze carboxylate-amine ligation reactions using 

ATP and glycine. This is done in the presence of Mg2+ and K+ (Jensen et al. 

2000). 

Another gene in the clavulanic acid cluster that is considered a late gene is 

oppA1. The predicted product of oppA1 is 47% similar to the predicted product of 

oppA2 (also in the clavulanic acid gene cluster) (Hodgson et al. 1995; Jensen et al. 

2000, Mellado et al. 2002). Based on sequence similarity to oligopeptide 

permeases, both genes are believed to encode oligopeptide permeases (Mellado et 

al. 2002). Mutation in these genes causes no clavulanic acid production. In 

addition, mutation in oppA2 results in the loss of alanylclavam (Lorenzana et al. 

2004).  

To form clavulanic acid from clavaminic acid, two changes in the molecule 

are required: the inversion of stereochemistry of the ring system and the 

conversion of the end group on the C-2 side chain from an amino to a hydroxyl 

group. The oxygen on the C-9 of clavulanic acid is derived from molecular 

oxygen. This was shown by the incorporation of labeled di-oxygen on the C-9 

(Townsend and Krol 1988). Therefore, it is suggested that the C-9 amino group of 

clavaminic acid is removed by an oxidative cleavage reaction to yield 
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clavaldehyde (Liras and Rodriguez-Garcia 2000). The existence of an aldehyde 

intermediate, clavaldehyde, with the same stereochemistry as clavulanic acid, and 

the presence of an NADPH-dependent dehydrogenase known as clavulanic acid 

dehydrogenase (Cad, which reduces clavaldehyde to clavulanic acid) have been 

documented (Liras and Rodriguez-Garcia 2000; Nicholson et al. 1994). Cad is the 

enzyme known to catalyze the last step in clavulanic acid production and has a 

tetrameric structure (Jensen et al. 2000). This enzyme is produced by cad, a gene 

in the clavulanic acid gene cluster (Jensen et al. 2000; Perez-Redondo 1998).  

Clavaldehyde is an unstable compound, possessing β-lactamase inhibitory 

activity. This supports the theory that β-lactamase inhibitory activity is associated 

with the 3R, 5R stereochemistry of the ring system in clavulanic acid (Jensen and 

Paradkar 1999). The change of stereochemistry found in clavaldehyde is proposed 

to have a chemical origin (Nicholson et al. 1994) however the presence of an 

epimerase that would catalyze the stereochemistry inversion cannot be ruled out 

(Elson et al. 1988).  

Two other genes in the clavulanic acid gene cluster are cyp and fd. Mutants 

defective in these genes were blocked in clavulanic acid production and had lower 

levels of 5S clavam production (Jensen et al. 2004a). The protein encoded by cyp 

has a high similarity to cytochrome P-450s (Jensen et al. 2000; Li et al. 2000). 

The product of fd appears to be a ferredoxin protein (Li et al. 2000). It has been 

postulated that the complex of Cyp and Fd is responsible for the 

enantiomerization and change in stereochemistry in clavulanic acid (from 3S, 5S 

to 3R, 5R), but no experimental verification has yet been achieved. 
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Another one of the late genes in the clavulanic acid cluster is orf13. 

Mutation in orf13 resulted in decreased clavulanic acid and 5S clavam production. 

The product of this gene is similar to efflux pumps in other bacteria. It might be 

possible that this protein transfers the clavams outside the cell (Jensen et al. 

2004a; Mellado et al. 2002).  

The product of orf16, another gene in clavulanic acid cluster, has a 

conserved amino acid sequence required for the attachment of proteins to the cell 

wall, but otherwise shows only limited similarity to conserved hypothetical 

proteins from other species. Mutants in this gene had decreased clavulanic acid 

and they produced two new clavams: N-acetylglycylclavaminic acid and N-

acetylclavaminic acid (in trace amounts) (Jensen et al. 2004a; Mellado et al. 

2002). 

Recently three other ORFs have been identified further downstream of the 

clavulanic acid gene cluster. These are orf21-23. The product of orf21 showed 

high similarity to the sigma factor SigL from Streptomyces avermitilis MA-4680 

and S. ceolicolor A3(2) (Song et al. 2009). More than 60 sigma factors have been 

identified in Streptomyces spp. This reflects their complex mechanisms to respond 

to changes in the environment (Bentley et al. 2002, Hutchings et al. 2004). 

Mutation of orf21 did not have any effect on growth and antibiotic production in 

S. clavuligerus, meaning this ORF is not necessary for the late steps of clavulanic 

acid production (Song et al. 2009). 

orf22 and orf23 appear to be parts of a two component regulatory system 

(Song et al. 2009). orf22 showed similarity to the histidine kinase from 
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Salinospora arenicola CNS-205. orf23 is similar to a transcriptional regulator 

from Kineococcus radiotolerans, and it also shows high similarity to a response 

regulator from S. coelicolor A3(2). Regulation of antibiotic production by two 

component systems has been observed, but mutation of orf22 did not affect the 

growth and antibiotic production of S. clavuligerus. However mutants lacking 

orf23 had deficient growth and antibiotic production. It is possible that Orf23 can 

be phosphorylated by other sensor kinases and maintain the wild type phenotype 

even in an orf22 mutant (Song et al. 2009). 

I.7.3.3 Late steps in the biosynthesis of the 5S clavams 
There are even more unknown steps in the late stages of 5S clavam 

biosynthesis in S. clavuligerus. As stated above, clavaminic acid is the last 

common intermediate in the biosynthesis of clavulanic acid and the 5S clavams. 

Egan et al. (1997) have suggested that formation of the 5S clavam end products 

begins with conversion of clavaminic acid to an aldehyde intermediate by 

decarboxylation at C-3 and deamination of the C-2 side chain. They have 

hypothesized that these reactions also involve a pyridoxal phosphate cofactor. 

They further propose that oxidation of this aldehyde intermediate would yield 2-

formyloxymethylclavam, and hydrolysis of the formyl group would then produce 

2-hydroxymethylclavam, and a further oxidation could yield clavam-2-

carboxylate (Egan et al. 1997). Figure I.9 shows a hypothetical pathway for 5S 

clavam biosynthesis in S. clavuligerus.  

As shown in Figure I.7, cas2 is flanked by the rest of the clavulanic acid 

biosynthetic genes. In the same way, it would not be surprising to find genes 
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responsible for 5S clavam production upstream and downstream of cas1. Mosher 

et al. sequenced this area and found the clavam gene cluster (Mosher et al. 1999). 

In recent years the clavam gene cluster was extended by the work of Tahlan et al. 

Mutational analysis of the genes located in this region led to the proposal of a 

pathway for 5S clavam biosynthesis (Tahlan et al. 2007).  

One of the genes in the clavam cluster is cvm1. The predicted product of 

this gene is very similar to aldo-keto reductases. Mutants with the cvm1 gene 

disrupted had wild type levels of clavulanic acid but the production of clavam-2-

carboxylate, 2-hydroxymethylclavam, and alanylclavam was abolished (Mosher et 

al. 1999). This suggests that cvm1 might encode the enzyme responsible for the 

reduction of an aldehyde or ketone intermediate in the 5S clavam biosynthetic 

pathway (Zelyas 2007). 

Another gene in the clavam cluster, which is immediately downstream of 

cvm1 is cvm2. The predicted enzyme, Cvm2, shows a low degree of similarity to 

isomerases (Mosher et al. 1999; Tahlan et al. 2007). In cvm2 mutants, the 

production of 5S clavams was reduced considerably (Tahlan et al. 2007). It is not 

clear what the exact role of Cvm2 would be in the 5S clavam biosynthetic 

pathway. 

The predicted product of cvm3, a gene located downstream of cvm2, is a 

flavin reductase. This enzyme might provide reduced flavin for the enzyme 

produced by cvm5 (a putative flavin dependent mono-oxygenase). Mutants 

lacking cvm3 had normal levels of 5S clavam production. However, cvm5 mutants 

were unable to produce any of the 5S clavams and instead accumulated an 
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intermediate called 2-carboxymethylideneclavam. The structure of this 

intermediate is shown in Figure I.10 (Tahlan et al. 2007). The possible reason 

why cvm3 mutants were not defective in 5S clavam biosynthesis might be that 

another enzyme other than Cvm3 is able to reduce flavin and provide it to Cvm5. 

It is believed that Cvm5 might carry out a Baeyer-Villiger oxidation of 2-

carboxymethylideneclavam to yield 2-formyloxymethylclavam (Tahlan et al. 

2007). This is shown in Figure I.9. Although cvm1, cvm2 and cvm5 are all known 

to be important or essential for 5S clavam production, the exact steps that Cvm1 

and Cvm2 would catalyze are still unclear.  

More genes have been identified upstream of cas1. Mutations in the genes, 

cvm7, cvm11, cvm12, cvm13, cvmP and cvmG of the clavam gene cluster, did not 

affect the production of clavulanic acid or 5S clavams and so they are likely not 

truly part of the clavam cluster. From the genes downstream of cas1 (cvm4, cvm5, 

cvm6, cvm9, cvm10) only cvm5 is shown to be essential for the production of 5S 

clavams (Tahlan et al. 2007). 

In addition to cas, later studies showed that the other early genes (ceaS, bls, 

pah, oat) also exist in two copies in S. clavuligerus. (The early genes from the 

cephamycin-clavulanic acid cluster are hereafter all designated with the number 

2). These studies showed that knocking out any of the early genes (ceaS2, bls2, 

pah2, cas2, oat2) did not eliminate clavam production completely. Therefore it 

was suggested that these genes are present in duplicates. It was known already 

that cas had two copies (Jensen et al. 2000). In 2004 Jensen et al. identified a 

second copy of the gene pah. This paralogue, pah1, showed 71% identity to pah2 
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(Jensen et al. 2004b). pah1 mutants were able to produce clavams but in lower 

levels than wild type. However a pah1/pah2 double mutant was unable to produce 

any clavams (Tahlan et al. 2004b).  

More studies were conducted on the genes flanking pah1. This cluster is 

known as the paralogue cluster. The left hand edge end of the paralogue gene 

cluster (Figure I.7) was initially thought to be bounded by the gene ceaS1. CeaS1 

was 66% similar to CeaS2 at the amino acid level. Mutation in ceaS1 decreased 

the levels of clavulanic acid production. The next gene, which was located 

downstream of ceaS1, was bls1 with a lower degree of similarity (49% at the 

amino acid level) to its paralogue (bls2). The bls1 mutants did not show any 

difference in levels of clavam production compared to wild type. However 

bls1/bls2 double mutants were unable to produce any clavams (Tahlan et al. 

2004b).  

Another gene in the paralogue cluster was oat1. This gene showed 47% 

identity to oat2 at the amino acid level. Clavam production was not affected in 

oat1 mutants and double mutants of oat1/oat2 showed only decreased levels of 

clavam production. As mentioned above ceaS1/ceaS2, bls1/bls2, pah1/pah2 and 

cas1/cas2 double mutants could not produce any clavams, while oat1/oat2 double 

mutants could produce the clavams but in lower amounts (compared to wild type). 

This observation further suggests that the role of oat is only to provide more 

arginine for clavam biosynthesis (Tahlan et al. 2004b).  

The paralogue gene cluster also contains paralogues of two genes from the 

clavam gene cluster. These two are c6p and c7p, and they are paralogues of cvm6 
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and cvm7, respectively, from the clavam cluster. The product of c6p (and cvm6) is 

similar to aminotransferases. Although knocking out cvm6 does not have any 

effect on clavam production, mutants lacking c6p were unable to produce 5S 

clavams. Mutation in c7p also abolished the biosynthesis of 5S clavams, while 

cvm7 mutants had no detectable phenotype (Tahlan et al. 2007). It has been 

proposed by Egan et al. that clavaminic acid undergoes a deamination to produce 

an aldehyde intermediate (Egan et al. 1997). It is possible that C6p is the enzyme 

catalyzing this step.  

It is still unclear why some genes are present in two copies in S. 

clavuligerus. Two reasons are proposed for this observation:  

1. A gene dosage effect: to make sure that there is a large enough amount 

of these enzymes, which are important in the biosynthesis of clavulanic 

acid (Jensen and Paradkar 1999). 

2. Participation in two biosynthetic pathways: as discussed earlier, 

clavulanic acid and the 5S clavams have a shared metabolic pathway up 

to the production of clavaminic acid. Therefore all these enzymes are 

required for both pathways (Jensen and Paradkar 1999). 

Another gene in the paralogue cluster, snk, was found to have an important 

role in the production of 5S clavams. This gene is located downstream of c7p. 

Both snk and c7p are putative regulators (Tahlan 2005; Tahlan et al. 2007).  

Sequencing the region upstream of ceaS1 has led to the discovery of 12 new 

genes. Insertional mutagenesis of these genes showed that four of them had 

possible roles in the production of 5S clavams. These four genes are orfA, orfB, 
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orfC and orfD and they were shown to be necessary for alanylclavam biosynthesis 

(Zelyas et al. 2008).  

The product of orfA shows similarity to serine hydroxymethyltransferases. 

These enzymes catalyze a reversible reaction involving the interconversion of 

glycine and 5,10-methylenetetrahydrofolate to serine and tetrahydrofolate 

respectively. OrfA contains three of the four amino acids required for binding to 

serine, however it lacks five of the six amino acids that are needed for binding to 

5,10-methylenetetrahydrofolate (Scarsdale et al. 2000). It is possible that OrfA 

catalyzes the fusion of glycine to an aldehyde-containing clavam intermediate and 

yields 8-OH-alanylclavam (Zelyas et al. 2008). 

Another one of the four genes is orfB. The product of this gene belongs to 

the family YjgF/YER057c/UK114 (Kim et al. 2001; Morishita et al. 1999; 

Oxelmark et al. 2000; Rappu et al. 1999). One of these proteins, YjgF, from 

Salmonella enterica serovar Typhimurium was shown to be necessary for the 

action of an aminotransferase called IlvB. This aminotransferase is involved in 

isoleucine biosynthesis. It is proposed that YjgF binds to, and stabilizes α-

ketobutyrate and therefore allows for the activity of IlvB (Enos-Berlage et al. 

1998; Schmitz and Downs 2004). Based on sequence similarity, OrfB is believed 

to be a stabilizer/regulator (Zelyas et al. 2008).  

orfC is another gene in this region and the nucleotide sequence shows that 

OrfC belongs to the family I aminotransferases (Jensen and Gu 1996; Mehta et al. 

1993). However OrfC only has two of the six amino acids required for substrate 
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binding in the class I aminotransferases (Kamitori et al. 1990; Okamoto et al. 

1998; Rhee et al. 1997).  

The product of orfD shows similarity to serine and threonine dehydratases. 

orfD is located downstream of orfC. The enzyme OrfD contains all of the residues 

that are needed for binding to its substrate (Gallagher et al. 1998; Simanshu et al. 

2006; Yamada et al. 2003). It was proposed that OrfD catalyzes a 

dehydration/deamination reaction that would convert 8-OH-alanylclavam to a 

clavam intermediate with a pyruvyl side chain attached at C2. Then OrfC is 

believed to catalyze a transamination reaction on the keto group of the pyruvyl 

side chain and yield alanylclavam (Zelyas et al. 2008).  

As mentioned above, OrfB resembles proteins that facilitate the activity of 

aminotransferases. It was suggested that OrfB sequesters the pyruvylclavam 

intermediate (which is an α-keto acid) allowing OrfC to catalyze the 

transamination reaction (Zelyas et al. 2008). 

Mutants blocked in orfD or orfC both accumulated a clavam intermediate 

that is believed to be 8-OH-alanylclavam. Since orfC and orfD are part of an 

operon, the polar effect of knocking out orfC would cause orfD not to be 

expressed and therefore accumulate 8-OH-alanylclavam (Zelyas et al. 2008). 

I.7.5 Regulatory proteins 
 

Other than the environmental factors that affect the levels of clavulanic acid 

and 5S clavams, there are regulatory proteins inside the cells that affect the 

production of these metabolites. Understanding the mechanisms of these 
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regulators helps investigate ways of manipulating the production of different 

metabolites.  

A family of proteins that has been identified in some antibiotic regulatory 

systems is named the Streptomyces Antibiotic Regulatory Protein (SARP) family. 

This family of proteins has an OmpR-like winged helix domain that binds to DNA 

(Wietzorrek and Bibb 1997).  CcaR (cephamycin and clavulanic acid regulator) is 

one of the regulatory proteins in S. clavuligerus. This protein regulates the genes 

involved in clavulanic acid and cephamycin production. It is encoded by ccaR, 

which is located in the cephamycin gene cluster and it is shown to be essential for 

the production of both cephamycin and clavulanic acid (Alexander and Jensen 

1998; Perez-Llarena et al. 1997). Mutants lacking ccaR are incapable of 

producing many of the enzymes in the cephamycin biosynthetic pathway 

(Alexander and Jensen 1998). CcaR is also required for the expression of the 

polycistronic transcript that includes ceaS2, bls2, pah2, and cas2. CcaR is also 

known to activate its own transcription (it can bind to its own promoter) 

(Santamarta et al. 2002). 

CcaR also controls claR, which is a putative transcriptional regulator 

located in the clavulanic acid gene cluster. ClaR, the product of the gene claR, is a 

LysR-type transcriptional regulator. ClaR has helix-turn-helix DNA binding 

domains on one of the ends. Mutants lacking claR were able to produce the 5S 

clavams and cephamycin C, but no clavulanic acid (Paradkar et al. 1998; Perez-

Redondo et al. 1998). ClaR was shown to be required for the transcription of 

some of the late genes in clavulanic acid production, including cyp, cad and 
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oppA1 (Paradkar et al. 1998). There is no transcription of claR observed in ccaR 

mutants. This clearly indicates the involvement of CcaR for both the early and 

late steps of clavulanic acid production (Perez-Redondo et al. 1998; Tahlan et al. 

2004b). 

Interestingly, CcaR can be a regulatory target for bldA. bldA is a regulator 

of morphological differentiation and antibiotic production in S. coelicolor. 

Mutants in this gene are capable of vegetative growth, however they do not form 

aerial hyphae and therefore do not produce any antibiotics (Merrick 1976). Some 

genes require the leucyl tRNA to translate the rare UUA codons. This tRNA is 

produced by bldA and this gene is the only gene in the whole genome of S. 

coelicolor that is known to produce that specific tRNA (Bentley et al. 2002; 

Lawlor et al. 1987; Leskiw et al. 1991b). It is known that despite the transcription 

of bldA in the primary growth phase of S. coelicolor, the active form of the 

transcript only appears at the time of secondary metabolism. This gene is a 

regulator of the genes needed for the secondary metabolism. It has also been 

shown that genes involved in antibiotic regulation, formation of aerial mycelia, 

and antibiotic resistance often have TTA codons  (Leskiw et al. 1991a and 1993).  

Since ccaR has a TTA codon, it was expected that it would be regulated by 

bldA (Perez-Llarena et al. 1997). Surprisingly, S. clavuligerus mutants lacking 

bldA are capable of producing clavulanic acid and cephamycin C, although these 

bldA mutants were unable to produce aerial mycelia. It was shown that CcaR was 

still produced in S. clavuligerus bldA mutants. It is possible that the TTA codon 

was being mistranslated by a non-cognate leucyl tRNA (Trepanier et al. 2002).   
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The expression of ccaR is also dependent on another gene called bldG 

(Bignell et al. 2005). The gene bldG was first identified in S. coelicolor. The 

product of this gene, BldG, shows similarity to anti-anti-sigma factors in Bacillus 

subtilis and Staphylococcus aureus (Bignell et al. 2000). Sigma factors determine 

the DNA binding specificity of the RNA polymerase. Anti-sigma factors prevent 

the interaction of the holoenzyme with the sigma factor by binding to the latter. 

Unphosphorylated anti-anti-sigma factors bind to specific anti-sigma factors and 

allow the sigma factor to bind to the holoenzyme. However when they are 

phosphorylated, anti-anti-sigma factors are unable to interact with anti-sigma 

factors. S. coelicolor mutants lacking bldG were unable to develop aerial hyphae 

and could not produce any antibiotics (Bignell et al. 2000). BldG is a protein 

capable of undergoing phosphorylation. Mutants that were defective in BldG 

phosphorylation could not produce any antibiotics or aerial mycelia (Bignell et al. 

2003).   

A homologue of bldG was found in S. clavuligerus and it was found to be 

necessary for the development of aerial mycelia and production of all clavams and 

cephamycin C. It was also shown to be needed for the expression of ccaR (Bignell 

et al. 2005), but CcaR does not regulate the production of 5S clavams. Therefore 

BldG is also likely to be needed for the expression of some other 5S clavam 

production genes (Tahlan et al. 2004a). 

Secondary metabolism can also be regulated by microbial hormones in 

some Streptomyces spp. The structure of these hormones is a γ-butyrolactone-type 

compound and when they are secreted and taken up by the surrounding cells they 
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affect morphological development and antibiotic production. Streptomyces 

griseus has an A-factor hormone that is necessary for streptomycin production 

and the formation of aerial hyphae (Hara and Beppu 1982; Khokhlov et al. 1967). 

The key enzyme for the production of this hormone is produced by a gene called 

afsA (Ando et al. 1997; Horinouchi et al. 1989). The A-factor binds to a protein 

known as ArpA (A-factor receptor protein). This protein is a repressor and when 

it is bound to the A-factor the DNA is transcribed (Ohnishi et al. 1999; Onaka et 

al. 1995; Onaka and Horinouchi 1997). ArpA regulates the expression of adpA 

(A-factor dependent protein) and the product of this gene is a transcriptional 

regulator for another regulator named strR. The product of strR is a positive 

regulator for the biosynthetic genes of streptomycin (Ohnishi et al. 1999; Retzlaff 

and Distler 1995; Vujaklija et al. 1993). The gene adpA also regulates the 

expression of genes involved in antibiotic resistance, secondary metabolite 

production and morphological differentiation (Yamazaki et al. 2003 and 2004). 

AREs (autoregulatory elements) are the DNA-binding sites for ArpA and other γ-

butyrolactone receptors (Kinoshita et al. 1999; Yamazaki et al. 2004).  

S. clavuligerus produces a γ-butyrolactone autoregulator and an ARE has 

been identified upstream ccaR (Folcher et al. 2001; Hashimoto et al. 1992). ScaR 

(produced by scaR) is a protein that binds to certain types of γ-butyrolactone  

compounds in S. clavuligerus. ScaR also regulates its own expression by binding 

to an ARE upstream of scaR (Hyun et al. 2004; Santamarta et al. 2005). scaR 

mutants produce clavulanic acid and cephamycin C. Therefore it is suggested that 
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ScaR is a repressor (like ArpA) and inhibits the expression of ccaR (Santamarta et 

al. 2005).  

It is known that during amino acid starvation (p)ppGpp (a 

polyphosphorylated nucleotide) accumulates and causes a significant decrease in  

the levels of tRNA and rRNA. It also decreases stable mRNA production. This set 

of events is known as the stringent response. RelA is a ribosome-associated 

protein that together with SpoT synthesizes (p)ppGpp. L11, a ribosomal protein, 

is important for the activity of RelA. Mutants defective in these genes are termed 

relaxed mutants and they produce low levels of (p)ppGpp. Antibiotic production 

in Streptomyces spp. occurs in the stationary phase, which is associated with 

nutrient starvation. It would therefore not be surprising that (p)ppGpp is produced 

more during antibiotic production. Relaxed mutants of Streptomyces sp. MA406-

A-1 and S. antibioticus produced no formycin and actinomycin, their natural 

antibiotic products respectively (Kelly et al. 1991; Ochi 1986).  

Production of clavulanic acid in S. clavuligerus was shown to occur after 

the accumulation of (p)ppGpp (Jones et al. 1997). relA and rsh are homologues of 

relA and spoT that have been identified in S. clavuligerus. relA mutants were 

unable to produce (p)ppGpp and rsh mutants produced lower levels of this 

nucleotide. These mutants could not produce any cephamycin C and they 

produced low amounts of clavulanic acid (Jin et al. 2004). L11 mutants of S. 

clavuligerus also produced low levels of clavulanic acid, cephamycin C and 

(p)ppGpp. This mutant produced lower levels of transcripts of ccaR and the genes 
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positively regulated by the product of this gene. (Gomez-Escribano et al. 2006). 

The exact role of (p)ppGpp in antibiotic production is still unclear.  

There is a novel class of antibiotic regulatory proteins that possesses a C-

terminal ATPase domain and an N-terminal SARP-like domain. PimR from 

Streptomyces natalensis is an example of this class and regulates the production 

of pimaricin (Anton et al. 2004). c7p, one of the genes in the paralogue cluster is 

similar to pimR. Mutants lacking this gene produce no 5S clavams but are capable 

of clavulanic acid production and morphological differentiation. cvm7, a 

paralogue of c7p, also belongs to this novel class of regulatory proteins, but 

clavam biosynthesis is not affected in cvm7 mutants. It is possible that this gene is 

responsible for regulating the biosynthesis of other antibiotics in S. clavuligerus 

(Tahlan et al. 2007).      

The gene snk produces a sensor kinase and is located immediately 

downstream of c7p. It is usual that genes encoding cognate sensor kinases and 

response regulators are immediately adjacent and transcribed within a single 

operon, but C7p is not a response regulator. However, preliminary studies have 

shown two response regulators for snk, res1 and res2, are located further 

downstream in the cluster.  snk mutants produce no 5S clavams but wild type 

levels of clavulanic acid, suggesting a specific role in regulation of  5S clavam 

production (Tahlan 2005). 
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I.8 Gaps of knowledge, goals of the present study 

5S clavams are considered unwanted products in clavulanic acid production 

in industry and they complicate the downstream processing. In addition, as stated 

before, they neither have a real antibacterial effect, nor β-lactamase inhibitory 

properties. Therefore the main goal during industrial production is to minimize 

the production of the 5S clavam metabolites without negatively affecting 

clavulanic acid production. The study of their biosynthetic pathway would give 

better insight about the steps and genes they share with clavulanic acid and the 

regulatory mechanisms that control their biosynthesis. Having this knowledge, 

genetic manipulations can be made in ways to decrease or even eliminate the 

biosynthesis of 5S clavams, while the levels of clavulanic acid are maintained, or 

preferably increased. 

Another feature of the 5S clavams that would be worth studying, relates to 

the differences in structure between clavulanic acid and 5S clavams. As stated 

before, the 5S clavams can have different side chains on their C-2, which 

determine the type of the 5S clavam. It seems rational to believe that the side 

chains affect the activity of the clavams. It would be interesting to substitute these 

side chains on the C-2 position of clavulanic acid and study the changes of 

activity in clavulanic acid. Clavulanic acid has a different stereochemistry than 

the 5S clavams, so it might be possible that the effect that a side chain (when it is 

on its original clavam) would be different from when it is substituted on 

clavulanic acid. It is also possible that by substituting these side chains, clavulanic 
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acid would acquire a better β-lactamase inhibitory effect. This part, however, 

requires more background in chemistry and biochemistry and is beyond the scope 

of the present Master’s degree project.  

S, antibioticus Tü1718 is the only strain of S. antibioticus discovered to date 

that is able to produce 5S clavams. Considering the fact that this microorganism 

produces only two 5S clavams and no clavulanic acid, it might be possible that 

some of the genes encoding these two clavams have been transferred to this strain 

from S. clavuligerus, or even some other Streptomyces spp., that is able to 

produce 5S clavams. Or it might be even possible that all of these come from the 

same source. If the order of the genes in the cluster looks the same in some of the 

species, then the hypothesis that they have the same origin might be true.  

As discussed in detail in the section for the biosynthetic pathways, the 

biosynthetic pathway of clavulanic acid and the 5S clavams is shared up to the 

production of clavaminic acid (Janc et al. 1995). As seen in Figure I.8 and Figure 

I.9, there are still many unknown steps in the biosynthesis of the 5S clavams. 

Despite all of the studies done on the biosynthetic genes involved in the early and 

late steps of clavulanic acid and 5S clavam production, the functions of many of 

these genes are yet to be known. Some of the biosynthetic intermediates might be 

unstable and be degraded readily, making it impossible to detect them. Therefore 

finding the enzymes responsible for their formation would be very difficult. 

As the literature shows, most of the microbiological studies done on 5S 

clavam production so far, have involved S. clavuligerus. This species is unusual in 

that it produces both clavulanic acid and 5S clavams. The genes for clavam 
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production are located in three distantly located clusters. It should be less 

complicated to try to understand 5S clavam biosynthesis by studying an organism 

that can only produce the 5S clavams, because there is probably only one gene 

cluster that would contain all of the clavam biosynthesis genes. Using this 

approach, it would be possible to find the clavam gene cluster from the 

microorganism and compare the genes to S. clavuligerus. S. antibioticus Tü1718 

is the only other clavam producer that has been studied previously and an enzyme 

similar to Cas in S. clavuligerus was found in this microorganism (Janc et al. 

1995). There are no genetic studies done on S. antibioticus Tü1718. This 

microorganism would therefore be a good candidate. Studies on 5S clavam 

biosynthesis in S. antibioticus Tü1718 are described. 
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Figure I.1: The structure of the β-lactam ring. This structure is shared in all the β-
lactam antibiotics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 



 35 

 

 
Figure I.2: A scheme of β-lactamase activity.    
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Figure I.4: The structure of some of the clavamycins. 
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Figure I.7: The three gene clusters in S. clavuligerus that are responsible for 
clavam biosynthesis. From top to the bottom: cephamycin-clavulanic acid super 
cluster (blue and yellow, the black genes are clavulanic acid production genes and 
the yellow genes are cephamycin C producing genes), the clavam gene cluster 
(green) and the paralogue gene cluster (purple).  
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Figure I.8: The early steps of the biosynthetic pathway to clavulanic acid and 5S 
clavams in S. clavuligerus.  
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Figure I.9: Hypothesized biosynthetic pathway for the 5S clavams in S. 
clavuligerus. The dashed arrows indicate that the steps are hypothesized. 
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Figure I.10: the structure of the intermediate 2-carboxymethylideneclavam. This 
intermediate accumulates in cvm5 mutants in S. clavuligerus. The bracket 
indicates that it is not clear whether or not the intermediate contains a carboxyl 
group at C-3.  
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II. Materials and Methods 

II.1 Bacterial strains, culture media and culture 
conditions 

Strains of Streptomyces and Escherichia coli used in this study are 

described in Tables II.1 and II.2 respectively. 

Liquid medium grown cultures were used for measuring the production of 

5S clavams. These cultures were prepared from Streptomyces spores. Spores of S. 

antibioticus Tü1718 were collected from ISP2 agar plates (DIFCO Laboratories). 

Inoculated plates were incubated at 28°C for seven days. Seed medium was 

prepared as described by Janc et al. (1995) (0.4 g L-methionine, 4.0 g D-glucose, 

4.0 g yeast extract, 10 g malt extract, 1000 ml H2O, pH 7.3) and inoculated with 

108 spores and incubated for 20 hours on a Model G-25 rotary shaker (New 

Brunswick Scientific Co., Edison, NJ) at 28°C and 250 rpm. Fermentation 

medium was also prepared according to Janc et al. (1995) as follows: 30 g 

mannitol, 30 g soy flour, 1000 ml H2O, pH7.2. Fermentation flasks were 

incubated at 28°C and 250 rpm for 72 hours on the same shaker used for the seed 

cultures.  

Trypticase Soy Broth (DIFCO Laboratories) supplemented with 1% (w/v) 

soluble starch (TSB-S) was used for growing Streptomyces in order to extract the 

genomic DNA (gDNA). The cultures were incubated at 37ºC for 20 hours on the 

same shaker used for the seed cultures. 

Lennox broth (LB; 10 g tryptone, 5 g yeast extract, 5 g NaCl, 1000 ml H2O) 

was used for growing E. coli strains. The media were incubated at 37°C on a Cell 
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Production Roller Drum (Bellco Biotechnology, Vineland, NJ) or a G-24 

Environmental incubator shaker (New Brunswick Scientific Co., Edison, NJ).  LB 

agar plates were prepared by adding 15 g/L agar to LB. In order to grow 

antibiotic-resistant strains, the media were supplemented with either one, or a 

combination of the following antibiotics (depending on the resistance gene that is 

inserted): ampicillin (100 µg/ml), chloramphenicol (25 µg/ml), apramycin (50 

µg/ml), kanamycin (50 µg/ml). For selecting Streptomyces mutants containing 

antibiotic markers, ISP2 agar plates were supplemented with nalidixic acid (25 

µg/ml) and apramycin (25 µg/ml).  

SOB medium was used for making electrocompetent cells: 20 g tryptone, 5 

g yeast extract, 0.5 g NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM MgSO4 and 

1000 ml H2O. When used for growth of E. coli BW25113/pIJ790, the SOB was 

supplemented with 10mM L-arabinose to induce the λ-Red genes on pIJ790 

(required for recombination).    

II.2 Storage of bacterial strains as glycerol stocks 

In order to keep a stock of the cells containing specific constructs or cells 

that were required for later steps in the study, they were kept in a 20% glycerol 

solution and stored at -80°C. This methods provides a reliable way of storing the 

cells with minimum chance of the cells dying or having mutations. One and half 

milliliters of 16 hour grown cultures of E. coli strains was centrifuged and the 

pellet was re-suspended in 500 µl of 20% (v/v) glycerol and stored at -80°C.  
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Streptomyces strains were stored as spore suspensions. After scraping the 

Streptomyces spores from ISP2, they were re-suspended in 5 ml of dH2O. The 

suspensions were placed in a sonication bath for a few minutes to breakdown the 

clumps of spores. Then the suspension was passed through non-absorbent cotton 

to remove the mycelia. The mycelia-free suspensions were then centrifuged in an 

Eppendorf 5415 C microcentrifuge in 1.5 ml centrifuge tubes at 13000 rpm for 5 

minutes. The spores were re-suspended in 20% (v/v) glycerol and stored at -80°C. 

II.3 Cosmids and plasmids 

Table II.3 provides a list of the cosmids and plasmids that were used in this 
study. 

II.4 DNA methods 

II.4.1 DNA quantification 
The amount of DNA was quantified via spectrophotometry using a 

UNICAM UV/Vis Spectrophotometer UV3 (ATI Unicam, Cambridge, UK) or 

with a NanoDrop® ND-1000 Spectrophotometer (NanoDrop Technologies, Inc., 

Wilmington, DE).  For UV/Vis spectrophotometery, absorbance was measured at 

260nm and the machine was calibrated with Milli-Q™ water, which was used for 

dissolving DNA. The A260 was then multiplied by 50 µg/ml DNA and then by the 

dilution factor. When NanoDrop® was used the machine was blanked using Milli-

Q™ water and the absorbance was scanned from 220 to 350nm. The 

concentration of DNA in the sample and the A260:A280 ratio, used to assess quality 

of the DNA preparation, were measured using the NanoDrop spectrophotometer. 
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II.4.3 Isolation of gDNA from S. antibioticus Tü1718 
Because the gDNA was going to be used for constructing a library it had to 

be extracted by a method that would give the largest possible fragments of DNA. 

Therefore the salting out method was used (Kieser et al. 2000). In this method 30 

ml TSB-S medium was inoculated with the spore suspension (108 spores) and 

after harvesting the mycelium using a Brinkmann centrifuge (Brinkmann 

Instruments Inc. Mississauga, ON) (500 x g, 10 minutes), the cell material was re-

suspended in 5ml SET buffer (75 mM NaCl, 25 mM EDTA pH8, 20mM Tris-HCl 

pH 7.5) with 100µl lysozyme (final concentration 1 mg/ml). This mixture was 

incubated at 37ºC for 1 hour. Then 140 µl proteinase K (final concentration 0.5 

mg/ml) and 600 µl 10% SDS were added and incubation was continued at 55ºC 

for 2 hours. During incubation the mixture was inverted occasionally. After this 

step 2 ml 5 M NaCl (final concentration 1.25 M) was added and the mixture was 

cooled to 37ºC. Five milliliters of chloroform was then added and mixed by 

inversion for 30 minutes at 20ºC. To separate the supernatant, the mixture was 

centrifuged for 15 minutes at 4500 x g at 20ºC. The supernatant was then 

transferred to a fresh tube and 0.6 vol isopropanol was added and mixed by 

inversion. DNA was spooled on a sealed Pasteur pipette after about 3 minutes. 

Finally the DNA was rinsed with c. 5ml 70% ethanol and air-dried then dissolved 

in 1ml TE (10 mM Tris pH 8.0, 1mM EDTA) at 55ºC.  

II.4.4 Isolation of plasmid and cosmid DNA from E.coli 
The alkaline lysis method was used for isolating plasmids (Birnboim and 

Doly 1979) and cosmids (Sambrook et al. 1989). 
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II.4.5 Introduction of DNA into electrocompetent E. coli 
In order to make electrocompetent E. coli cells, 10 ml LB cultures of the 

cells to be made electrocompetent were grown 16 hours at 37ºC (or 30ºC in the 

case of the BW25113/pIJ790 strain of E. coli). One hundred microliters of this 

culture was used to inoculate 10 ml SOB and then it was incubated at 37ºC (or 

30ºC) until the OD600 reached 0.4-0.6. The cells were then harvested (at 4ºC) and 

washed with an equal volume of 4ºC 10% (v/v) glycerol. Cells were centrifuged 

and washed two more times, once with half-volume and the next time with 8 ml 

of ice-cold 10% glycerol. Finally the cells were re-suspended in 1 ml 10% (v/v) 

glycerol. Forty microliters was transferred into each 1.5 ml centrifuge tube and 

these were flash-frozen in dry-ice containing 95% ethanol. The aliquots were 

stored at -80ºC.  

When electrocompetent cells were prepared for PCR-targeting mutagenesis 

(REDIRECT©), they were cultured as described above but they were grown in 

SOB supplemented with 10 mM arabinose. After reaching the OD600 of 0.4-0.6 

the cells were washed twice with one volume of 4ºC 10% (v/v) glycerol and then 

re-suspended in the residual glycerol solution and 50 µl was used immediately for 

electroporation.     

To carry on the electroporation, the electrocompetent cells were thawed on 

ice and the DNA was added to them. The mixture was then transferred to an ice-

cold 2 mm gap BTX® Disposable Cuvette Plus™ (Genetromics, Inc., San Diego, 

CA). This cuvette was pulsed using a Bio-Rad GenePulser II. The device was set 

to 200 Ω, 25 µF and 2.5 kV. The cells were transferred to 1 ml ice-cold LB and 
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incubated at 37ºC (or 30ºC for BW25113/pIJ790 strain) for an hour. Then the 

cells were spread on an LB agar plate containing the required antibiotic. The 

plates were incubated at 37ºC (or 30ºC). If blue-white screening was performed 

(to detect the cells containing the DNA inserted in the vector), 100 mM isopropyl-

β-D-thiogalactopyranoside (IPTG) and 40 µg/ml 5-bromo-4-chloro-3-β-D-

galactopyranoside (X-gal) were also spread on the plates. 

II.4.6 Agarose gel electrophoresis 
 DNA samples to be analyzed by gel electrophoresis were mixed with 5x 

loading buffer [60% (w/v) sucrose, 100 mM EDTA, 0.25% (w/v) bromophenol 

blue, 0.25% (w/v) ficoll orange and 0.25% (w/v) xylene cyanol). Depending on 

the size of fragment of interest, 0.5%-1.5% agarose gels were used for analyzing 

the DNA molecules. The gels were electrophoresed in 1xTAE buffer (40 mM 

Tris-Acetate and 1 mM EDTA, pH 8.0) at 70-90 V. Gels were stained in 2 µg/ml 

ethidium bromide for 5-20 minutes. The stained gels were observed under UV 

light. Digesting λ phage DNA with either PstI or BstEII made molecular weight 

markers.  

II.4.7 DNA purification from agarose gels  
After separating the DNA fragments on an agarose gel, staining and 

visualizing them under UV light, the desired fragment was excised from the gel. 

Purification was then carried out according to the instructions provided by 

QIAquick Gel Extraction Kit (Qiagen Inc., Valencia, CA). 
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II.4.8 DNA digestion and cloning (with and without the TOPO TA 
Cloning® kit) 

DNA was digested using restriction enzymes from New England Biolabs 

(New England Biolabs, Ipswich, MA) or Roche (Roche, Basel, Switzerland). 

Depending on the size of the DNA molecule the digest was carried out for an hour 

or 16 hours. The desired band was purified from an agarose gel as described 

above.  

After purifying the fragment, it was inserted into vectors using 1 unit of T4 

DNA ligase and 10X ligation buffer (both purchased from Roche, Basel, 

Switzerland). The ratio of insert to vector was three to one and the total volume 

was 10-30 µl. Ligation reactions were carried out at 16°C for 16 hours.  

When the TOPO TA Cloning® kit was used, 4 µl of the PCR product (see 

section II.4.9) was added to 1 µl of the vector pCR®2.1-TOPO®  (Invitrogen). 

After incubating the mixture for 5 minutes at 20ºC, 2 µl of it was added to a vial 

of One Shot® TOP10 E. coli chemically competent cells (Table II.1). The latter 

mixture was kept at 4ºC for 25 minutes and then heat shocked for 30 seconds at 

42°C. Two hundred and fifty microliters of SOC [20 g/l tryptone, 5 g/l yeast 

extract, 0.5 g/l NaCl, 2.5 mM KCl, 10 mM MgCl2, and 20 mM glucose (pH 7.0)] 

was added to the cells and the tube was placed on a tube roller at 37°C for an 

hour. After this step, 10 and 50 µl of the transformation mixture was spread on 

LB agar plates containing 100 µg/ml ampicillin and 0.008% (w/v) X-gal. The 

plates were incubated for 16 hours at 37°C and white colonies were chosen and 

transferred to LB and further analyzed.  
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II.4.9 Polymerase chain reaction (PCR) 
The amount of template DNA used for PCR was 5-10 ng (plasmid or 

cosmid) or 500 ng (gDNA). The reaction also contained 50 pmol of each 

oligonucleotide primer (Table II.4), 50 mM Tris-HCl (pH 9.0), 1.5 mM MgCl2, 

0.4 mM β-mercaptoethanol, 0.1 mg/ml purified bovine serum albumin (BSA) 

(New England Biolabs, Ipswich, MA), 10 mM (NH4)2SO4, 0.2 mM of each dNTP, 

and 5% (v/v) DMSO in a total volume of 50 µl. Where absolute sequence fidelity 

was not required 0.5 µl of Taq polymerase was added to the reaction (Taq 

polymerase was supplied by the Fermentation Service Unit, Department of 

Biological Sciences, University of Alberta). When high fidelity sequence was 

needed for the PCR product, the EXPAND High Fidelity PCR system (Roche, 

Basel, Switzerland) was used according to the manufacturers’ instructions. The 

cycling conditions were as follows: 2 minutes at 96°C, 30 cycles of 96°C (30-60 

seconds) and 55-60°C (30 seconds), 72ºC for 5 minutes. PCR was carried out in 

thin-walled 0.2 ml tubes in a TGradient thermocycler (Biometra, Goettingen, 

Germany). If the template DNA was gDNA or a difficult template to amplify, the 

initial 2 minutes at 96°C was extended to 5 minutes, and the dNTPs and Taq were 

only added to the reaction tubes at the last 30 seconds. The amount of DMSO 

could also be increased to 10%.  

For amplifying regions containing secondary structures, instead of regular 

dGTP, an analog, 7-deaza-dGTP (NEB), was used. This nucleotide hydrogen 

bonds less strongly with cytosine, making the secondary structure of the PCR 

product less stable and easier to sequence.   
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To amplify the REDIRECT© extended resistance cassette, pIJ773 was first 

digested with EcoRI and HindIII and the apramycin resistance cassette was gel 

purified. Fifty nanograms of this product was used as template for PCR. The PCR 

conditions were as follows: 2 minutes at 94°C, 10 cycles of 94°C (45 seconds), 

50°C (45 seconds) and 72°C (90 seconds), 15 cycles of 94°C (45 seconds), 55°C 

(45 seconds) and 72°C (90 seconds), and a final 5 minutes at 72°C.  

II.4.10 DNA sequencing 
The BigDye terminator v3.1 Cycle Sequencing kit (Applied Biosystems 

Foster City, CA) was used for sequencing DNA. The amount of template DNA 

that was used depended on the nature of the molecule: cosmids were used at 800 

ng, plasmids were used at 400 ng and PCR products were used at 50-100 ng. The 

total volume of each reaction was 20 µl and it consisted of 10 pmol of the primer, 

5% DMSO, 2 µl BigDye and 6 µl 2.5x BigDye buffer. If the template was a 

cosmid or if it contained secondary structures, the amount of DMSO was 

increased to 10% and 4 µl of BigDye (with 4 µl BigDye buffer) was used to get 

longer and better runs of sequence. Reactions were carried out in thin-walled 0.2 

ml PCR tubes in a TGradient thermocycler (Biometra, Goettingen, Germany).  

The cycling conditions were dependent on the Tm of the oligonucleotide 

primer. If the Tm was above 60°C, the conditions were: 30 cycles of 96°C for 30 

seconds and 60°C for 1 minute. If the Tm was below 60°C it was: 30 cycles of 

95°C for 30 seconds, 50-55°C for 30 seconds and 60°C for 1 minute. After the 

reaction, the DNA was precipitated by adding 80 µl of 96% (v/v) ethanol and 2 µl 

of sodium acetate/EDTA (final concentration of sodium acetate was 6mM and 
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EDTA was 100mM). Then the tubes were incubated on ice for 15-20 minutes and 

centrifuged for 15 minutes. Pellets were washed twice with 1 ml 70% (v/v) 

ethanol and air-dried. Sequence information was determined by an AB3730 

genetic analyzer (Applied Biosystems) at the Molecular Biology Service Unit 

(Department of Biological Sciences, University of Alberta).  

The sequence of the cosmid 6J11 (the cosmid that contained the clavam 

gene cluster) was determined by SeqWright (Houston, TX).   

II.4.11 Software used for sequence analysis 
 DNA sequence alignments and assemblies were made using GeneTools 

version 2.0 (BioTools Inc., Edmonton, AB). This software was also used for 

identifying restriction sites and analyzing sequence chromatograms. Another 

software program that was used to analyze the sequence chromatograms was 

4Peaks version 1.7.2 (Griekspoor and Groothuis 2006). DNA Strider version 1.2 

(Marck 1988) was another program used for identifying the restriction sites and 

analyzing the DNA sequence. To identify the Open Reading Frames (ORFs) [by 

finding the possible start and stop codons and analyzing the usage of G+C in the 

third position of codons (Ishikawa and Hotta 1999), FramePlot 3.0beta 

(http://watson.nih.go.jp/~jun/cgi-bin/frameplot-3.0b.pl) was used. RNAfold 

(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) was used to predict the secondary 

structures and their minimum free energy. Using BLAST programs [Altschul et 

al. 1997, made available by the National Institute for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov/BLAST/)] it was possible to compare the obtained 

sequences to the deduced DNA and amino acid sequences deposited in GenBank. 
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Multiple DNA sequences were aligned using ClustalW2 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html), which is a web based general 

purpose multiple sequence alignment program for DNA or proteins.  

II.4.12 DNA probe generation and labeling  
 Different DNA probes were used to find the genes of interest in restriction 

digests of cosmid 6J11. Genomic DNA of S. antibioticus Tü1718 was used as a 

template for making probes for different genes. Probes were made for ceaS 

(primers ceaS2-RT-For and ceaS2-RT-Rev), bls (primers SGN12 and SGN18), 

pah (primers SGN04_FOR and SGN04_REV), and cas (primers SGN01 and 

SGN2). Another probe was made using primers for cvm5 (primers cvm5 RT-

forward and cvm5 RT-reverse) and S. clavuligerus gDNA as template for 

amplifying the probe. These probes were generated by PCR using primers that 

were designed from highly conserved regions of the corresponding genes in S. 

clavuligerus. The products were then eluted from agarose gels. After the sequence 

of the product was confirmed, the probes were non-radioactively labeled using 

DIG High Prime DNA Labeling and Detection Starter Kit I according to the 

manufacturer’s directions (Roche). 

II.4.13 Southern analysis 
The transfer of DNA fragments from agarose gels to nylon membranes was 

based on a protocol by Sambrook et al. (1989). The restriction digest to be 

analyzed was separated on a 0.8% agarose gel for 20 hours at 19 volts. The gel 

was processed for transfer of DNA to Hybond-N nylon membranes according to 

the manufacturer’s instructions (Amersham, Buckinghamshire, UK). The gel-
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membrane sandwich was then assembled in a transfer apparatus containing 20 X 

SSC (3 M NaCl, 0.3 M Na3C6H5O7 .2H2O, pH 7.0) as transfer buffer. DNA was 

transferred to a nylon membrane through capillary action. After 15-17 hours the 

membrane was rinsed briefly in 2 x SSC and air-dried. In order to fix the nucleic 

acid on the membrane, it was baked in an 80°C vacuum oven for 2 hours. The 

membrane was then hybridized and visualized following the instructions provided 

with the DIG High Prime DNA Labeling and Detection Starter Kit I (Roche).     

II. 5 Constructing a gDNA library 

 II.5.1 Preparing the gDNA 
The gDNA was subjected to a partial digest with the enzyme Sau3A. The 

amount of enzyme and time of digestion was chosen to yield fragments of gDNA 

approximately as big as λ DNA (48 kb). After identifying the appropriate time 

and concentration of enzyme, 100µg of gDNA was subjected to digestion with 

0.08 units of Sau3A for 5 minutes and then the digested DNA was ethanol 

precipitated.  

After re-suspending in TE, the digest was centrifuged on a 10% – 35% 

sucrose gradient (18 ml of sucrose solution containing 22.5% sucrose, 1 M NaCl, 

20 mM Tris pH 8.0, 2 mM EDTA) for 20 hours at 26,000 rpm. The sucrose 

gradient was divided to 18 fractions by repeatedly pipetting 1 ml aliquots from the 

top of the tube. Each fraction was ethanol precipitated and re-suspended in TE 

and run on a gel. Fractions containing the appropriate sized fragments were 

pooled together and ethanol precipitated. Then the DNA was treated with shrimp 

alkaline phosphatase (SAP).  
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II.5.2 Preparing the vector: pOJ436 
The cosmid pOJ436 (Bierman et al. 1992) was chosen as the vector for 

library construction because of its ability to integrate into Streptomyces 

chromosomes but replicate as an independent plasmid in Escherichia coli. After 

extracting the cosmid from the host E. coli, it was treated with HpaI to linearize it. 

The linearized vector was then treated with SAP and then digested with BamHI to 

yield two fragments of about two and nine kbp, the cosmid vector arms.  

II.5.3 Ligation, packaging and picking the library clones 
Twenty microliters of the insert DNA (approx. 3.2 mg) was added to 5 µl 

(approx. 10 mg) of the vector arms. The mixture was heated to 45˚C for 15 

minutes and then cooled to 4ºC. Two units of T4-DNA ligase and 3 µl 10X 

ligation buffer were then added to the mixture and it was incubated for 16 hours at 

16oC. 

After ligation, 4 µl of the ligation mixture was added to a packaging 

reaction mixture tube (Gigapack® gold III kit, Stratagene, La Jolla, CA) and the 

tube was incubated at 20ºC for 2 hours. Five hundred microliters of SM buffer 

(5.8 g/L NaCL, 2 g/L MgSO4.7H2O, 0.05 M Tris.Cl pH 7.5, 0.1 g/L gelatin) and 

20 µl chloroform were added to the mixture. The tubes were centrifuged for 5 

minutes at maximum speed the supernatant was then transferred to another tube 

and stored at 4ºC.  

In order to prepare the E. coli host strains the glycerol stocks were streaked 

on LB agar plates supplemented with 0.2% (w/v) maltose and 10 mM MgSO4. 

The plate was incubated for 16 hours at 37ºC. After incubation, LB broth 
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supplemented with 0.2% (w/v) maltose and 10 mM MgSO4 was inoculated with a 

single colony and was incubated at 37ºC for 4-6 h, until the OD600 reached 1.0. 

The bacteria were then centrifuged at 500 x g for 10 minutes and the pellet was 

re-suspended in half the original volume with 10mM MgSO4. The OD600 was then 

brought to 0.5 with 10mM MgSO4. 

In order to evaluate the efficiency of the packaging, a control DNA was also 

used to transfect the E. coli cells. The control DNA was thawed on ice and 0.2 µg 

of it was added to a packaging reaction mixture tube and it was incubated for 2 

hours at 20ºC. One milliliter of SM buffer and 40 µl chloroform were added to the 

tube and the tube was centrifuged. Two consecutive 10-2 dilutions were made in 

SM buffer. Ten microliters of the 10-4 dilution was added to 200 µl host cells (E. 

coli VCS257) and the tube was incubated at 37ºC for 15 minutes. Three milliliters 

of LB top agar (LB broth+0.7% agarose) was added to this and the mixture was 

divided and spread on three LB agar plates. Plates were incubated at 37ºC for 16 

hours. After incubation more than 500 plaques were observed on one plate.  

To titer the packaging reaction the same steps were taken as for the control 

DNA, except that the host strain was XL-1 Blue MR and the packaging reaction 

was diluted 10 and 50 times. From each dilution 25 µl was added to 25 µl of the 

host strain and the mixture was incubated for 30 minutes at 25ºC. Two hundred 

microliters of LB broth was added to each tube and the tubes were incubated at 

37ºC for 1 hour. The tubes were mixed gently every 15 minutes. After incubation 

the contents were spread on LB agar plates supplemented with 25 µg/ml 

apramycin. The plates were incubated for 16 hours and the colonies were counted. 
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The number of colony forming units (cfu) was calculated to be 5.4 x 105 cfu/ml 

(or 1.35 x 102 cfu/µg of DNA). Twelve colonies were taken and the cosmids were 

extracted and digested with NcoI. This was done to ensure the colonies contain 

cosmids with inserts. 

After titering the cosmid packaging reaction, appropriate volumes (500 µl of 

the 1:50 dilution of the packaging reaction was added to 500 µl of the cells) were 

spread on LB + 50 µg/ml apramycin plates (22 cm x 22 cm, 200 mL of 

medium/plate) to give about 2,000 colonies per plate. Colonies (2304 in total) 

were then picked [using a QPix robot (Genetix, Boston, MA)] and transferred to 

384 wells microtiter dishes and were grown overnight. Each well contained 80µl 

LB medium+50µg/ml apramycin. After incubation for 16 hours, glycerol was 

added to give a final concentration of 20%, and the library was stored at -80˚C.  

II.5.4 Gridding the library and hybridizing with the cas3 probe 
In order to screen the library for the positive cosmids, the library had to be 

gridded on a nylon membrane. The gridding of the library was done using the 

same robot that picked the colonies. The library was gridded onto two Performa 

22 x 22 cm nylon membranes that were placed on plates containing LB agar + 50 

µg/ml apramycin. After growing for 16 hours at 37˚C, the membranes were 

treated to lyse the colonies and fix the DNA (according to manufacturer’s 

instructions), and then were marked. One of the membranes was stored as an extra 

copy.  

The plasmid pSGNcas3 contained the cas3 probe (Table II.3). The plasmid 

was digested with EcoRI to release the insert. After gel purifying the insert 
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(500bp PCR amplified cas3), it was used to probe the library. The probe was 

labeled using a non-radioactive labeling kit and was hybridized with the 

membrane. Clones that hybridized with the probe were grown on LB + 50 µg/ml 

apramycin and the cosmids were extracted. In order to find the enzymes that 

would digest the cosmids into suitable fragments, and to compare the pattern of 

digestion in different cosmids, six restriction enzymes were selected. Among 

these, NcoI, KpnI, XcmI and BamHI gave useable fragments.  

In order to confirm the presence of cas3 in the cosmids that hybridized to 

the probe, they were used as templates for PCR using the set of primers 

previously used to amplify cas3 from the gDNA of S. antibioticus Tü1718.   

II.6 Construction of Streptomyces mutants 

Mutants of S. antibioticus Tü1718 were constructed following the 

REDIRECT© PCR-targeting protocol (Gust et al. 2003). PCR was used to amplify 

a gene disruption cassette, which is flanked by 39-nucleotide regions homologous 

to the DNA sequences that flank the gene to be disrupted. The cassette carries 

aac3(IV) which is an apramycin resistance gene. It also has oriT (the RP4 origin 

of transfer). Two FRT (FLP recognition target) sites flank the aac3(IV) gene-oriT. 

The PCR product was then electroporated into E. coli BW25113/pIJ790/14E10. 

This strain already carries the plasmid containing the gene targeted for disruption. 

When the PCR product is introduced in the E. coli BW25113/pIJ790, the λ Red 

proteins that are produced by the genes on pIJ790 catalyze the recombination 

between the region flanking the gene of interest on the plasmid and the 39-
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nucleotide sequences flanking the cassette. The electroporated E. coli cells were 

plated on LB agar supplemented with 50 µg/ml apramycin and were incubated at 

37˚C for 16 hours, and the plasmids were extracted and analyzed by restriction 

digestion. After confirming the plasmids were carrying target gene disrupted by 

the cassette, they were transferred to E. coli ET12567/pUZ8002, a non-

methylating strain. From this strain the plasmid containing the disrupted gene was 

transferred to S. antibioticus Tü1718 via intergenic conjugation. Colonies resistant 

to apramycin were patched and then streaked for single colonies in order to make 

sure the colonies had double-cross overs. The gDNA of the colonies was then 

extracted and subjected to PCR analysis to ensure the cassette was inserted in the 

place of the gene to be disrupted. After verifying the mutants had the cassette at 

the right place, they were grown together with wild type S. antibioticus Tü1718 

and antibiotic production was measured in the mutants and compared to the wild 

type.  

cas3 and ntr were the two genes that were subjected to REDIRECT mutagenesis. 

SGN08_FOR and SGN08_REV were used to amplify the cassette for cas3 and 

SGN09 and SGN14_nir K/O_FOR were used for ntr REDIRECT© mutagenesis.  

After obtaining the mutant Streptomyces strains, the cas3 mutants were analyzed 

using the combination of primers Red-SEQ-UP with SGN06_FOR (for the 

upstream region of the cassette) and Red-SEQ-DWN with SGN14_FOR (for the 

downstream region of the cassette). SGN06_FOR and SGN14_FOR were also 

used together to amplify the cassette in the gDNA of the mutants. The size of the 

product was compared to the size of the product obtained from the gDNA of wild 
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type S. antibioticus Tü1718. The ntr mutants were analyzed using primers Red-

SEQ-UP with SGN16 (for the upstream region of the cassette) and Red-SEQ-

DWN with SGN14_REV (for the downstream region of the cassette). Again, 

SGN14_REV and SGN16 were used together to amplify the cassette and the size 

was compared to the product from wild type S. antibioticus Tü1718. As a negative 

control the gDNA of wild type S. antibioticus Tü1718 was also used as template 

for PCR with the combination of primers.   

II.7 Analysis of antibiotic production via high 
performance liquid chromatography (HPLC) 

The amount of clavams in culture supernatants of S. antibioticus Tü1718 

was determined using HPLC (Foulstone and Reading 1982; Paradkar and Jensen 

1995).  Supernatants were obtained from 48 hour cultures. Mycelia grown in the 

fermentation media and other insoluble materials were removed from culture 

samples by centrifugation of the broth for 5 minutes at 13000 rpm (using a 

microcentrifuge).  Samples were diluted using Milli-Q™ water.  From each 

culture supernatant sample, two sets of samples were prepared: one set of the 

samples was imidazole-derivatized [25 µl of 25% (w/v) imidazole was added], 

while the other set was underivatized (25 µl of Milli-Q™ water was added). After 

incubation for 15 minutes at 25˚C, the samples were centrifuged to remove any 

insoluble material. One hundred microliters of each sample was transferred to 

polypropylene spring inserts (Fisher Scientific, Pittsburgh, PA). The tubes were 

then placed into HPLC screw neck vials. 
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 The chromatographic profile was determined by injecting 50 µl of each 

sample using a Waters 2690 Separations Module and analyzed with a Waters 996 

Photodiode Array Detector (Waters, Milford, MA). A Phenomenex® Bondclone 

10µ C18 (100 x 800 mm 10 micron) column (Phenomenex, Torrance, CA) was 

used.  The mobile phase consisted of 100 mM NaH2PO4 + 6% (v/v) methanol in 

an isocratic elution run at 2 ml/minute.  Each run was 15 minutes in length and 

derivetized clavams were detected by viewing the absorbance of samples at 311 

nm.  Waters Millenium32 Software (version 3.20; Waters, Milford, MA) was used 

to analyze and process the data obtained from the samples. 
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III. Results 

III. 1 Amplifying cas3 from S. antibioticus Tü1718, to serve 
as a cas3 probe 

To better understand the late steps in clavam biosynthesis, the genes for 

clavam biosynthesis were examined in a 5S clavam producing species other than 

S. clavuligerus. For this purpose S. antibioticus Tü1718 was chosen for analysis 

because some preliminary information was available regarding biosynthesis of 5S 

clavam metabolites in this organism. The presence of the enzyme, Cas3, in S. 

antibioticus Tü1718 was shown by Janc et al. (1995). The amino acid sequence of 

the N-terminal end of Cas3 was shown to be similar to Cas1 and Cas2 (more 

similar to Cas1) (Janc et al. 1995). Therefore the search for the 5S clavam 

biosynthetic gene cluster in S. antibioticus Tü1718 started with investigating the 

gene cas3. Because Cas3 was very similar to Cas1 and Cas2 it was expected that 

the DNA sequence would be very similar as well. Therefore, two primers SGN01 

and SGN02 (Table II.4) were designed based on the most conserved regions of 

cas1 and cas2.  

Using the primers SGN01 and SGN02 and the gDNA of S. antibioticus 

Tü1718, the cas3 gene was amplified (Figure III.1). As a positive control the 

primers were also used for amplifying the cas gene from S. clavuligerus gDNA. 

The expected size of the product was about 500 bp and as shown in Figure III.1, 

the product was obtained and it was the same size as the product from S. 

clavuligerus. In order to prove that the PCR product was really cas3, the product 

was gel purified and sequenced. Sequence analysis revealed very high similarity 
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(more than 70% at nucleotide level) of this product to cas1 and cas2. Figure III.2 

shows the alignment of the three cas genes (cas1 and cas2 from S. clavuligerus 

and cas3 from S. antibioticus Tü1718). This product was cloned and labeled using 

the non-radioactive DNA labeling kit, and was used as a probe to identify cosmids 

in a gDNA library that would contain the clavam cluster.  

As described in the Materials and Methods, a library was made from the 

gDNA of S. antibioticus Tü1718, and in order to make it easier to locate the DNA 

fragment that contained the 5S clavam cluster, the library was gridded on a nylon 

membrane. The cosmid vector used for making the library was pOJ436, which is a 

Streptomyces-E. coli shuttle vector and has the ability to integrate into the 

Streptomyces chromosome. It is also possible to use this vector to transfer pieces 

of the DNA of S. antibioticus Tü1718 into other Streptomyces such as S. 

clavuligerus, which is one of the reasons it was chosen.  

The gDNA library carried on a nylon membrane was hybridized with the 

cas3 probe. After hybridizing, eight cosmid clones were shown to contain cas3 

(Figure III.3). The cosmid clones were identified and the E. coli cells containing 

them were grown on LB for 16 h at 37˚C. The cosmids were then extracted 

following the alkaline lysis method (explained in the Materials and Methods 

section). In order to find enzymes that would cut the cosmids into suitable 

fragments, and to compare the pattern of digestion in different cosmids, the 

cosmids were digested with six different restriction enzymes. Among these 

enzymes, NcoI, KpnI, XcmI and BamHI were judged to have the best digestion 

pattern, i. e. these enzymes digested the cosmids into fragments that were suitable 
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for cloning. Therefore these four enzymes were selected for further analyzing the 

two chosen cosmids, 2L10 and 3D23. These cosmids were chosen because they 

showed the best digestion patterns and their digests shared common bands 

suggesting that they carried overlapping DNA fragments. Figure III.4 shows a 

digestion pattern of these two cosmids after digestion with BamHI, KpnI, NcoI 

and XcmI.    

In order to determine the sequence of all of the genes involved in 5S clavam 

biosynthesis in S. antibioticus Tü1718, total sequence analysis of one or more 

cosmid inserts would be required. In order to decide which cosmids might be the 

best candidates for complete sequence analysis, a number of preliminary studies 

were required. In the first instance it was necessary to determine if the cas3 gene 

was clustered with other clavam biosynthetic genes, if the late as well as the early 

genes of clavam biosynthesis are clustered together in S. antibioticus Tü1718 or if 

they are in separate clusters as they are in S. clavuligerus. Finally, it was 

important to determine if the cas3 gene was located near the center of any of the 

cosmid inserts, because those cosmids would be more likely to contain most or all 

of the gene cluster.  

III. 2 Analyzing the positive cosmid clones from the library 

The next step in locating the 5S clavam gene cluster was to identify the 

fragments in the restriction digests that would contain cas3 and flanking regions. 

The two chosen cosmids were digested with the enzymes mentioned in the 

previous section. The digests were then subjected to Southern analysis. Figure 
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III.4 shows the restriction digest pattern of 2L10 and 3D23 on an agarose gel 

stained with ethidium bromide, with the Southern blot corresponding to it.  

The NcoI digest of the cosmid 3D23 had a 4.5 Kbp fragment that hybridized 

with the cas3 probe, whereas the NcoI fragment that hybridized with the cas3 

probe from 2L10 was more than 10 Kbp. The NcoI sites are shown in Figure III.5.  

This suggested that the hybridizing NcoI fragment from 2L10 might represent 

one end of the cosmid insert. Therefore the hybridizing NcoI fragment from 3D23 

was selected for further analysis. The KpnI digest of both cosmids contained a 2.5 

Kbp fragment that hybridized with cas3 probe. Cosmid 2L10 was digested with 

KpnI. After digesting the cosmids DNA fragments were separated by agarose gel 

electrophoresis and the desired fragments were extracted from the gel and 

purified. Purified fragments were sub-cloned by ligating to pUC119 (for the KpnI 

fragment) and pUC120 (for the NcoI fragment) and inserting the construct into 

electrocompetent E. coli DH5α cells. 

After ligation, five NcoI clones and six KpnI clones were obtained. However 

the sizes of the DNA inserts were slightly different, both for some of the NcoI 

sub-clones and for some of the KpnI sub-clones (Figure III.6). The clones were 

therefore subjected to Southern analysis using the cas3 probe in order to find 

those that would contain the cas3 gene. As Figure III.7 shows, only some of the 

clones hybridized with the probe, showing that only some contained cas3.  

III.2.1 Sequence analysis of the NcoI clone 
One of the NcoI clones that hybridized was selected for further sequencing. 

The two ends of the clone were sequenced using CAN68 and CAN69 universal 
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primers and cycle sequencing using the BigDye terminator kit (Table II. 4). 

Primers SGN01, SGN03_FOR, SGN06_FOR and SGN04_FOR (Table II. 4) were 

also used to obtain sequence information from within the clone. Figure III.8 

shows a diagrammatic representation of the genes identified as a result of these 

sequencing reactions and assembling the DNA sequences obtained from different 

primers. One of the ends of the clone contained an ORF, which showed 72% 

identity to a putative nitroreductase-type oxidoreductase from Thermomonospora 

curvata DSM 43183. The sequence from the other end of the clone showed high 

similarity to bls1 and bls2 (from S. clavuligerus) and to pah1 and pah2 (from S. 

clavuligerus). SGN01 (the forward primer for amplifying cas3) and SGN04 (the 

forward primer for amplifying pah3) were used to obtain additional sequence for 

cas3 and pah3 respectively. The sequence obtained from SGN06 showed high 

similarity to cas1 and cas2 (from S. clavuligerus). Interestingly, the sequence 

obtained using SGN03_FOR (downstream of cas3) stopped at a certain point 

every time. Different amounts of BigDye or DMSO, and heating or digesting the 

sequencing template did not help to obtain sequence beyond that point. This 

suggested the presence of a secondary structure downstream of cas3. The 

positions of the primers used are shown in Figure III.5.  

Another primer, SGN10, was designed to sequence the region downstream 

of the nitroreductase gene (ntr) (Figure III.5). This primer did not yield a long 

sequence and, similar to cas3, the sequence stopped abruptly at a certain point. 

The inability to sequence across this region suggested the presence of another 

secondary structure, this time downstream of ntr. The total assembled sequence 
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that was obtained from all primers was about 1.5 Kbp less than the estimated size 

of the NcoI fragment. Therefore, there must be two regions of secondary structure 

surrounding an internal un-sequenced region, rather than just one stem-loop 

separating cas3 from ntr.  

III.2.2 Attempts to sequence the secondary structures and the 
region between them 

 
After finding that there is a region in the insert that is flanked by two 

secondary structures (most probably two stem-loops), I searched for restriction 

enzymes that would cut close to the secondary structure and release that 1.5 Kbp 

fragment. If successful, it would then be possible to clone this smaller fragment 

and sequence it. Digestion at restriction sites in or very near the stem-loops might 

relax the secondary structure making it possible to sequence through them.  

According to the partial DNA sequence of the NcoI fragment, there were 

sites for PvuII very close to the stem-loops. Therefore this made PvuII an 

excellent candidate for taking out the stem-loop region. If there were no PvuII 

sites in the un-sequenced region between the stem-loops, a PvuII digest should 

give fragments of about 200, 700, 1500 and 2500 bp. The fragment that contained 

the stem-loops would be the 1.5 Kbp fragment. The PvuII sites are shown in 

Figure III.5.  

The NcoI clone was initially digested with NcoI to release the 4.5 Kbp 

insert. After that it was digested with PvuII and the expected fragments were 

observed (Figure III.9). The 1.5 Kbp PvuII fragment was cloned into the SmaI site 

of pUC120 (PvuII and SmaI both create blunt ends when they digest DNA). The 
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ends of this clone were sequenced using the universal primers, but once again the 

sequences stopped at the same points as they did for sequences from the full-

length NcoI clone obtained using SGN03 and SGN10 primers.  

The next strategy was to further digest the PvuII fragment and sub-clone 

smaller pieces into pUC119. If sequence information could be obtained from 

between the two stem-loops it could be used to design primers that would 

approach each stem-loop from within the un-sequenced region and in that way 

complete the sequence.  

After digesting the clone with a number of enzymes commonly found in 

cloning vectors, SmaI was selected. This enzyme released a 750 bp fragment from 

the PvuII sub-clone. None of the other enzymes tested were able to release a 

fragment from the clone. The 750 bp fragment was cloned into the SmaI site of 

pUC119 and the insert was fully sequenced using the universal primers. The 

sequence obtained showed high similarity to oat1 and oat2 from S. clavuligerus. 

Based on this sequence, primers were designed (SGN14_FOR and SGN14_REV, 

Table II. 4) and used for further sequencing of the PvuII clone. Figure III.5 shows 

the sites for these primers. The sequences obtained from these primers were 

assembled with the 750 bp from the SmaI fragment. After assembling all the 

sequences the full oat3 gene sequence was obtained but there was still about 200 

bp missing from the PvuII sub-clone, showing that the combined length of the 

stem-loops flanking oat3 was about 200 bp.    

Using SGN14_FOR with SGN03_FOR it should be possible to amplify the 

stem-loop between cas3 and oat3, and using SGN14_REV with SGN10 the other 
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stem-loop could be amplified. PCR products were obtained and subjected to 

sequencing. In this way, it was possible to read through the sequence of the stem-

loop between oat3 and ntr, to give a secondary structure that was 77 bp long, 

leaving about 125 bp for the other stem-loop. The sequence obtained from the 

stem-loop between cas3 and oat3 however, stopped at the same point as seen 

previously. So it was not possible to sequence the PCR product from this stem-

loop structure.  

The final approach for sequencing the larger stem-loop was to use 7-deaza-

dGTP in the PCR amplification step to produce a template with weaker secondary 

structure (explained in II.4.9). In order to compare the effect of the concentration 

of 7-deaza-dGTP used in the PCR on the quality of the sequence obtained from 

the stem-loop, four different concentrations of this nucleotide were used to make 

PCR products. As a result, there were eight sequence chromatograms obtained 

from this stem-loop (each concentration of 7-deaza-dGTP was sequenced by 

forward and the reverse primers). Interestingly, there was a significant amount of 

difference between the sequence files. The sequences were aligned and the most 

probable sequence of the structure was decided. Figure III.10 shows an alignment 

of the different sequences together with a sequence of the stem-loop that was 

determined later in the study by pyrosequencing of the entire cosmid. 

The predicted structures of the stem-loops are shown in Figures III.11 and 

III.12. The free energy of the stem-loop between cas3 and oat3 was -87.2 

Kcal/mol and for the other stem-loop it was -55.5 Kcal/mol, as predicted using 

RNAfold. 
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III.2.3 Further analysis of the insert within cosmid 6J11  
The ends of the eight cosmid clones that hybridized with the cas3 probe 

were sequenced using primers CAN82 and CAN168 (Table II.4). Among these 

eight cosmids, cosmid 6J11 and 1F10 gave the best quality sequence and digest 

patterns. In addition, according to Figure III.4, the 5S clavam cluster seemed to be 

at the end of the cosmid insert for 2L10. These reasons led to cosmids 6J11 and 

1F10 being chosen for further analysis.  

Using primers SGN04_FOR and SGN04_REV (which were designed based 

on homologous regions of pah1 and pah2) a PCR product was prepared using S. 

antibioticus Tü1718 gDNA as template. The PCR product was sequenced, and 

after confirming that the sequence showed homology with pah1 and pah2, it was 

used as a probe for pah3 (Figure III.5). A Southern analysis was carried out on 

digests of 6J11 and 1F10 using the pah3 probe. These two cosmids were digested 

with KpnI and NcoI. The NcoI fragments that hybridized were 4.5 Kbp for both 

cosmids.  Figure III.13 shows the ethidium bromide stained gel and the hybridized 

nylon membrane for this Southern analysis. 

Sequence analysis of the 4.5 Kbp NcoI clone showed that it had part of bls3 

on one end. Therefore the goal was to find the adjacent NcoI fragment that would 

contain the rest of bls3 and the upstream genes. Based on the sequences obtained 

from the NcoI clone, primers were designed to determine the DNA sequence of 

bls3. One of these primers, SGN15, was used to walk upstream of the NcoI 

fragment on the cosmid, and from the sequence information obtained, another 

primer, SGN18, was designed and used for PCR with SGN15 to make a bls3 

probe. The primers and the probe are shown in Table II.4 and Figure III.5.  
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In order to get all of the NcoI fragments from 6J11 cloned into pUC120, the 

cosmid was digested with NcoI and the fragments were shotgun cloned into the 

vector. Forty-eight colonies were picked and were subjected to Southern analysis 

using the bls3 probe. One of the positive clones that hybridized with the bls3 sub-

clone apparently contained a large insert as judged by electrophoresis of the uncut 

plasmid compared to pUC120. Given the size of the plasmid it was expected that 

one end of the insert would give sequence of bls3 and the other end would be new 

sequence, perhaps showing similarity to ceaS (in S. clavuligerus ceaS is 

immediately upstream of bls (Figure. I.7). The sub-clone was end sequenced 

using primers, CAN68 and CAN 69, and the sequence of one end showed 

similarity to bls from S. clavuligerus, but the other end was similar to a 

peptidoglycan binding protein. This was at first interpreted to mean that ceaS3 

was not immediately upstream bls3 and that the order of the 5S clavam cluster 

genes might be different in S. antibioticus Tü1718 than in S. clavuligerus, but the 

results from the restriction digest of the sub-clone were also unexpected. The 

NcoI restriction digest only showed a 1.5 Kbp fragment and pUC120, whereas the 

mobility of the uncut plasmid suggested a much larger size.  

In order to answer these questions, the 48 NcoI clones were subjected to 

Southern analysis with a ceaS3 probe (constructed using ceaS2-RT-For and 

ceaS2-RT-Rev, see Table II.4 and Figure III.19, with S. clavuligerus gDNA as 

template). The same nylon membrane that had been probed previously with a bls3 

specific probe was de-colorized by placing the membrane in hot 

dimethylformamide. The membrane was then re-hybridized with the ceaS3 probe, 
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but the same clones hybridized as did for bls3 probe (data not shown). To clarify 

the matter further, Southern analysis of NcoI and KpnI digests of cosmids 1F10 

and 6J11 was conducted with the ceaS3 probe after decolorizing the blot 

previously hybridized with the pah3 probe (Figure III.13). This new Southern blot 

and its corresponding gel are shown in Figure III.14. From the KpnI digests a 6.5 

Kbp band hybridized with the ceaS3 probe and from the NcoI digests a 3 Kbp 

fragment hybridized with the probe. Based on these analyses, it was deduced that 

the NcoI sub-clone actually contained two NcoI fragments, a 1.5 kb fragment, and 

a 3 kb fragment that happened to co-migrate with pUC120 upon electrophoresis. 

The KpnI fragment from 6J11 was gel purified and cloned for further analysis and 

sequencing. 

III.2.3.1 Sequencing the KpnI fragment and the genes upstream of bls3 

 After finding that a 6.5 Kbp KpnI fragment is likely to contain ceaS3 (and 

therefore the upstream genes from the cluster), the band was gel purified and 

cloned into pUC119. The ends were then sequenced using the universal primers. 

One end gave sequence from pah3 and the other end gave sequence similar in part 

to a 4-aminobutyrate aminotransferase (atr, similar to Nakamurella multipartita 

DSM 44233), and in part to the 5’ end of an aldo-keto reductase (akr). The gene 

atr did not show any similarity to any of the clavam genes in S. clavuligerus. 

However, akr showed 70% identity to cvm1 from the S. clavuligerus clavam gene 

cluster. 

 Based on the obtained sequences, new primers were designed to sequence 

further into the KpnI fragment. Primer SGN_21 was designed to sequence further 
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into the akr and primers SGN22_UPSTREAM and SGN22_DOWNSTREAM 

were used to sequence the regions flanking ceaS3. Using these primers and the 

primers used to amplify the ceaS3 probe (ceaS2-RT-For and ceaS2-RT-Rev), 

most of the sequence of the KpnI fragment was obtained. In addition to atr and 

akr, another ORF was found. BLAST analysis showed that this ORF encoded a 

putative serine OH-methyl transferase and was 74% identical to orfA (at 

nucleotide level) from the S. clavuligerus paralogue gene cluster.  

Primers were designed to amplify a probe for atr (SGN23 and SGN24, 

Table II.4, Figure III.5) in order to analyze the sequence upstream of the KpnI 

fragment. Using this probe a Southern analysis was done on the NcoI digest of 

cosmid 6J11. A 3 Kbp NcoI fragment hybridized with the atr probe. This 

fragment was sub-cloned into pUC120 and the ends were sequenced (using 

universal primers), one end of the sub-cloned fragment gave sequence from atr as 

expected. The sequence of the other end of the clone showed similarity to a 

peptidoglycan binding protein. Furthermore, the gene upstream from atr was a 

hypothetical protein. These observations suggested that atr was one end of the 5S 

clavam gene cluster and it would be unlikely to find more 5S clavam genes 

upstream.  

Since none of these genes have counterparts in the clavam biosynthetic gene 

clusters in S. clavuligerus, on this basis it was concluded that cosmid 6J11 was 

likely to contain most or the entire 5S clavam gene cluster from S. antibioticus 

Tü1718, and no rearrangements were evident. Therefore cosmid 6J11 was sent to 

a DNA sequencing laboratory for complete analysis of the insert.  
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III.2.3.2 Sequencing the whole cosmid 6J11      
 

 After confirming that cosmid 6J11 contained the early genes and at least 

some of the late genes for 5S clavam production in S. antibioticus Tü1718, the 

whole cosmid was sent to SeqWright for sequencing. The obtained sequence was 

analyzed by FramePlot (to locate the ORFs) and BLAST (to analyse the ORFs 

that were found using FramePlot). FramePlot is a web-based software, which is 

able to locate the ORFs in a given DNA sequence by defining the start and stop 

codons and by determining the %G+C content in each position in the codons of 

ORFs. The map of the ORFs is shown in Figure III.15B. As the map shows, the 

order of the early genes and their orientation was the same in S. antibioticus 

Tü1718 as in the clavulanic acid gene cluster in S. clavuligerus (Figure III.15A). 

The sequence obtained from the two stem-loops (using the strategies explained 

previously in III.2.2) was compared to the sequence from SeqWright. The two 

sequences were identical except for two bases in each stem-loop. Table III.1 

shows a list of the ORFs present in the 5S clavam gene cluster of S. antibioticus 

Tü1718 and their putative roles. 

A surprising feature in the 5S clavam gene cluster of S. antibioticus Tü1718 

was the presence of two pah genes (shown as pah3 and pah4 in the cluster). pah is 

the only gene present in two copies in this cluster. pah4 was in the reverse 

orientation compared to pah3 and was 72% identical (at nucleotide level) to pah3. 

It was also slightly shorter than pah3.  

In addition to orthologues to the early genes of S. clavuligerus, the 5S 

clavam cluster in S. antibioticus Tü1718, also contained orthologues to some late 
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genes. ctr (clavam transcriptional regulator) showed 66% identity at the 

nucleotide level to c7p in the paralogue gene cluster of S. clavuligerus, although 

over a very short stretch of nucleotides. The gene soh (serine OH-methyl 

transferase) was 74% identical to orfA at nucleotide level. akr (aldo-keto 

reductase) was 70% identical to cvm1 from the clavam gene cluster of S. 

clavuligerus. The gene atr encodes a putative aminotransferase and as mentioned 

earlier does not show similarity to any of the genes in S. clavuligerus. However, it 

is proposed to be a functional counterpart of c6p (which is also an 

aminotransferase) from the paralogue gene cluster of S. clavuligerus.  

In addition to the genes mentioned above, there were two genes that 

apparently reside in the 5S clavam cluster of S. antibioticus Tü1718 and yet do not 

have any counterparts in S. clavuligerus. These two were ntr (nitroreductase) and 

lig (ligase). Although the extent of the 5S clavam cluster in S. antibioticus Tü1718 

is not known, the fact that these genes were flanked by genes showing high 

similarity to genes for clavam biosynthesis in S. clavuligerus strongly suggests 

they are within the cluster.  

III. 3 Mutagenesis of cas3 and ntr           

While sequence analysis strongly suggested that the cloned DNA contained 

in cosmid 6J11 carried the 5S clavam gene cluster from S. antibioticus Tü1718, 

more definitive proof was needed and so cas3 and ntr were disrupted by PCR 

targeting mutagenesis (explained in the previous chapter).  
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III. 3. 1. The cas3 mutant  
REDIRECT™ is a trade name for a set of PCR targeting tools used widely 

for gene disruption in Streptomyces spp. In a typical application, a genomic DNA 

fragment carried in the E. coli cosmid vector, Supercos, is used as the platform for 

undertaking the mutagenesis, and an apramycin resistance cassette is used to 

replace the gene to be mutated. However, in my initial attempts at mutation of 

cas3, cosmid 6J11, a pOJ436-based construct was used as the platform, and this 

cosmid already contained an apramycin resistance cassette. Therefore a 

streptomycin resistance cassette was used as an alternative disruption marker, but 

the attempts were not successful because the cassette could not give useable 

streptomycin resistance to S. antibioticus Tü1718. In order to use the apramycin 

resistance cassette as a disruption marker, the 4.5 Kbp NcoI fragment (that 

contained part of bls3 and all of pah3, oat3, cas3 and ntr) cloned in pUC120 was 

used instead of the whole cosmid as the platform for PCR targeting mutagenesis 

with primers SGN08_cas3 K/O_FOR and SGN08_cas3 K/O_REV used to 

generate the mutagenic PCR product. The resulting Δcas3-pUC120-Nco::apra 

plasmid was then transformed into E. coli ET12567-pUZ8002, and from there, 

introduced into wild type S. antibioticus Tü1718 by interspecies conjugation. 

Since pUC120 is not stable in Streptomyces spp., apramycin resistant 

exconjugants should only arise through single or double cross-over of the mutant 

plasmid with the S. antibioticus Tü1718 chromosome via homologous 

recombination. These exconjugants were then allowed to sporulate to encourage 

loss of integrated plasmid through a double cross-over, and finally the resulting 

spores were checked for apramycin resistance as indicative of potential cas3 
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double cross-over mutants. However, single crossover mutants would also be 

resistant to apramycin, and therefore PCR analysis was carried out on the gDNA 

of the putative mutants to verify the presence of the mutation and the absence of 

the wild type gene. In order to verify that the target gene was replaced by the 

antibiotic resistance cassette, the primers RED_SEQ_UP and RED_SEQ_DOWN 

(Table II.4), which are specific for the apramycin resistance cassette, were used 

with other gene specific primers that would amplify the regions upstream or 

downstream of the cassette.  

Initially, the PCR analysis gave band patterns suggesting that the putative 

mutants were a mixture of both single and double cross-over mutants (data not 

shown). Therefore another round of sporulation was undertaken to obtain the 

desired double crossover mutants. Genomic DNA from four potential Δcas3 

mutants was analyzed by PCR and gave band patterns that confirmed that they 

were true double crossover mutants. Figure III.16 shows the PCR products from 

the gDNA of the cas3 mutant and wild type S. antibioticus Tü1718. Use of the 

primer pair, SGN6_FOR and RED_SEQ_UP, should amplify a fragment 

extending from within the apramycin resistance cassette into the cas3 upstream 

region and give a band of 546 bp for cas3 mutants, and no band for the wild type. 

The primer pair, SGN6_FOR and SGN14_FOR, encompasses the cas3 gene, and 

should give a band of 2.4 Kbp for cas3 mutants, and a band of 1.8 Kbp for the 

wild type. The length of the product from the mutants was expected to be bigger 

than the wild type because the size of the cassette is bigger than cas3. According 

to the gel, the four putative mutants all did contain the cassette in the place of 
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cas3. The set of primers (RED_SEQ_DOWN and SGN14_FOR), should amplify 

a 514-bp fragment extending from within the apramycin resistance cassette into 

the cas3 downstream region, but it did not give a very prominent product (data not 

shown). Most probably this is because the stem-loop that was in the downstream 

region between cas3 and oat3 blocked the amplification.  

The cas3 mutants and the wild type strain were then grown under 5S clavam 

production conditions and the culture supernatants were derivatized with 

imidazole and assayed by HPLC. Figure III.17 shows the HPLC chromatogram 

from the wild type S. antibioticus Tü1718 and a representative cas3 mutant. No 

authentic standards are available for valclavam or 2-hydroxyethylclavam, but 

previous HPLC-mass spectrometric analysis of culture supernatants of S. 

antibioticus Tü1718 indicated that the wild type strain produces large amounts of 

valclavam as well as smaller amounts of another clavam-type metabolite that does 

not correspond to 2-hydroxyethylclavam. No 2-hydroxyethylclavam was detected. 

Based on the retention time for valclavam determined in these previous studies, a 

large peak due to valclavam was seen in the wild type, but no clavam peaks were 

seen in the cas3 mutant. The other unknown clavam product seen previously was 

again detected in the wild type supernatant, and 8-hydroxyethylclavam was again 

not observed under these growth and HPLC conditions. Deletion of cas3 resulted 

in the complete loss of clavam production in S. antibioticus Tü1718.  

III. 3. 2. The ntr mutant        
In order to mutate ntr the cosmid 6J11 was digested with NotI and EcoRI. 

The DNA sequence of the cosmid insert indicated that a 4.2 Kbp DNA fragment 
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containing the ntr gene would result from this double-digestion. Therefore after 

digesting the cosmid with these two enzymes the 4.2 Kbp fragment together with 

a 3.9 Kbp fragment that was not well resolved were purified from the agarose gel. 

After sub-cloning these fragments into pCR®2.1-TOPO®, clones were analyzed by 

restriction digestion to choose the right clone (the one with the 4.2 Kbp insert). 

The construct, TOPO-ntr, was then used as the platform for PCR targeting 

mutagenesis with primers SGN14_nir K/O_FOR and SGN09_nir K/O_REV used 

to generate the mutagenic PCR product. The resulting Δntr-TOPO-Eco-Nco::apra 

plasmid was then transformed into E. coli ET12567-pUZ8002, and from there, 

introduced into wild type S. antibioticus Tü1718 by interspecies conjugation. 

Mutants were selected as described above for the cas3 mutant, and then gDNA 

from putative ntr mutants was screened by PCR. 

The PCR analysis of the gDNA of the putative ntr mutants and wild type S. 

antibioticus Tü1718 is shown in Figure III.18. The primer pair, SGN16 and 

SGN14_REV, encompasses the ntr gene, and should give a band of about 2.5 Kbp 

for ntr mutants (Lanes 5 and 7), and a band of about 1.1 Kbp for the wild type 

(Lanes 3, 4, 6 and 8). The primer pair, SGN16 and RED_SEQ_DOWN, should 

amplify a fragment extending from within the apramycin resistance cassette into 

the ntr downstream region and give a band of about 400 bp for ntr mutants, and 

no band for the wild type. The primer pair, SGN14_REV and RED_SEQ_UP, 

should amplify a fragment extending from within the apramycin resistance 

cassette into the ntr upstream region and give a band of about 400 bp for ntr 

mutants, and no band for the wild type. However, the products were not very 
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obvious for this primer pair, again presumably due to the presence of the stem-

loop in the upstream region.  The analysis proved that only two of the five 

mutants were true double cross-over mutants.  

The true ntr mutants and the wild type strain were then grown under 5S 

clavam production conditions and the culture supernatants were derivatized with 

imidazole and assayed by HPLC. Figure III.19 shows the HPLC chromatogram 

from the wild type S. antibioticus Tü1718 and a representative ntr mutant. In the 

case of these ntr mutants a complete loss of antibiotic production was again 

observed.  
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Figure III.1: Amplification of the cas gene from S. antibioticus by PCR. Left to 
right: lane 1: λPstI marker, lane 2: S. antibioticus Tü1718 gDNA, lane 3: S. 
clavuligerus gDNA. The desired fragments are shown with the white arrow.  
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Figure III.3: Colony hybridization analysis of the cosmid library of genomic 
DNA from S. antibioticus Tü1718 using a cas3 specific probe. The probe was 
labeled using a non-radioactive DNA labeling kit. Each colony was gridded in 
duplicates (vertically) on the membrane by a robot. 
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Figure III.4: Southern analysis of cas3 containing cosmid digests. Left: Ethidium 
bromide stained agarose gel with cosmid 2L10 and 3D23 digests. Right: 
Hybridized nylon membrane with DNA transferred from the agarose gel. Lanes 1: 
λBstEII, 2: λPstI, 3&4:  2L10 and 3D23 digested with BamHI, 5&6: 2L10 and 
3D23 digested with KpnI, 7&8: 2L10 and 3D23 digested with NcoI, 9&10: 2L10 
and 3D23 digested with XcmI. The bands which showed hybridization in the 
Southern blot are shown in the boxes on the gel. 
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Figure III.5: The clavam gene cluster from S. antibioticus Tü1718. Important 
restriction sites are labeled. Secondary structures (red lollipop-like structures), 
probes used to identify different genes (shown in boxes) and primer binding sites 
(small arrows) are also indicated. 
 
 

KpnI site 

KpnI site 
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Figure III.6: Analysis of NcoI and KpnI sub-clones by agarose gel 
electrophoresis. The ethidium bromide stained agarose gel carries the KpnI (2-7) 
and the NcoI (10-14) sub-clones. The plasmids are uncut. Marker is λBstEII 
(lanes 1 and 8). Uncut pUC120 was also run (9). Some clones (lanes 7, 12 and 14) 
seemed to be mixed and contained plain pUC120 as well as a larger plasmid. 
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Figure III.7: Southern analysis of potential cas3 sub-clones. Ethidium bromide 
stained agarose gel (left) and the Southern blot of an agarose gel containing the 
NcoI and KpnI clones (right). The membrane was hybridized with the cas3 
specific probe in order to identify which clone contained the desired insert. Lanes 
12 and 13 represent the NcoI clones and lanes 4, 7 and 8 represent the KpnI 
clones containing the cas3 gene. 
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Figure III.8: Diagrammatic representation of the genes of the 4.5 Kbp NcoI sub-
clone. Arrows indicate the location and approximate amount of sequence 
information obtained from each primer. The “Lollipop” like structures indicate the 
presence of putative stem-loop structures that blocked sequence analysis. 
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Figure III.9: Digestion of the NcoI sub-clone with NcoI and PvuII. PvuII-NcoI 
digested NcoI sub-clone and PvuII digested pUC120 were separated on an 
agarose gel and stained with ethidium bromide. Lanes 1 and 8: λBstEII, lanes 2 
and 7: λPstI, lanes 3 and 6: the 100bp marker, lane 4: pUC120 cut with PvuII, 
lane 5: the NcoI sub-clone cut with NcoI and PvuII. The desired fragment is 
shown with a white arrow. 
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Figure III.11: The predicted structure of the stem-loop between cas3 and oat3. 
Determined by http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi.  
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Figure III.12: The predicted structure of the stem-loop between oat3 and ntr. 
Determined by http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi.    
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Figure III.13: Southern analysis to locate the pah3 gene. The ethidium bromide 
stained gel with the KpnI and NcoI digests of 1F10 and 6J11 is shown on the left, 
and the Southern analysis of the transferred DNA of that gel, hybridized with the 
pah3 probe is on the right. Lane 1: λBstEII, lane 2: λPstI, lane 3: Kpn1 digest of 
1F10, lane 4: NcoI digest of 1F10, lane 5: KpnI digest of 6J11, lane 6: NcoI digest 
of 6J11. 
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Figure III.14: Southern analysis to locate the ceaS3 gene. The ethidium bromide 
stained gel with the KpnI and NcoI digests of cosmids 1F10 and 6J11 is shown on 
the left. The Southern analysis of the cosmids digested with NcoI and KpnI and 
hybridized with the ceaS3 probe is shown on the right. Lane 1: λBstEII lane 2: 
λPstI, lane 3: Kpn1 digest of 1F10, lane 4: NcoI digest of 1F10, lane 5: KpnI 
digest of 6J11, lane 6: NcoI digest of 6J11.  
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Figure III.15: A: Comparison of gene clusters for clavam biosynthesis in S. 
clavuligerus and S. antibioticus Tü1718. A: Part of the clavulanic acid gene 
cluster containing the early genes for clavam production in S. clavuligerus. B: The 
clavam gene cluster in S. antibioticus Tü1718. The early genes are shown in blue 
in both clusters. 
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Figure III.16: PCR analysis of the cas3 mutants. Lanes 1-4 show the PCR 
products obtained using gDNA from four putative mutants as template with 
primers Red-SEQ-UP (located within the apramycin cassette) and SGN06F 
(located just upstream of cas3). Lane 5 is the PCR product obtained using the 
same primer pair with gDNA from wild type S. antibioticus Tü1718. Lane 6 is the 
λBstEII marker. Lanes 7-10 show the PCR products obtained using gDNA from 
four putative mutants as template with primers SGN06F (located just upstream of 
cas3) and SGN14F (located just downstream of cas3). Lane 11 is the the PCR 
product obtained using the same primer pair with gDNA from wild type S. 
antibioticus Tü1718. This experiment was done by Dr. S.E. Jensen.    
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Figure III.17: HPLC analysis of the fermentation broths of wild type S. 
antibioticus Tü1718 (A) and the Δcas3 mutant (B). Cultures were grown in 
mannitol soy production medium for 48h at 28˚C. Culture supernatants were 
derivatized with imidazole to detect compounds with the β-lactam structure.  
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Figure III.18: PCR analysis of the ntr mutants. Lanes 1 and 2 show λBstEII and 
λPstI markers. Lane 3, PCR product obtained from the primers SGN14Rev and 
SGN16 using the S. antibioticus Tü1718 gDNA as a template. Lanes 4-8, PCR 
products of the same primers using the gDNA of the ntr mutants. Lane 10, wild 
type S. antibioticus Tü1718 gDNA amplified with primers Red-SEQ-DWN and 
SGN16. Lanes 9 and 11-14, PCR products of the same primers using the gDNA 
of the mutants. Lane 15, PCR product of the primers Red-SEQ-UP and SGN 14R 
using the gDNA of wild type S. antibioticus Tü1718. Lanes 16-20, PCR products 
of the mutants using the same primers.  
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Figure III.19: HPLC analysis of the fermentation broths of wild type S. 
antibioticus Tü1718 (A) and the Δntr mutant (B). Cultures were grown in 
mannitol soy production medium for 48h at 28˚C.  
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IV. Discussion 

IV.1. Discovery of the clavam gene cluster from S. 
antibioticus Tü1718 

IV.1.1. The early genes 
The biosynthetic pathway for clavam production in S. clavuligerus is 

comprised of early and late steps. The early steps end with the production of 

clavaminic acid. This compound is believed to be the branch point of 5S clavam 

and clavulanic acid pathways (Janc et al. 1993).  

Using a PCR generated probe based on the regions of the cas genes that are 

highly conserved between cas1 and cas2 in S. clavuligerus, a cas orthologue was 

located in a cosmid library of genomic DNA fragments from S. antibioticus 

Tü1718. DNA sequence analysis of the regions flanking this cas gene, now called 

cas3, revealed the presence of other genes associated with the early steps of 

clavam biosynthesis.  

As Figure I.7 shows, the clavam biosynthetic genes for the early steps in the 

clavulanic acid cluster are located in this order (from 5’ to 3’): ceaS2, bls2, pah2, 

cas2 and oat2. These are the genes that are required for the biosynthesis of 

clavaminic acid, in the shared pathway to clavulanic acid and the 5S clavams. 

These early genes of the clavam biosynthetic pathway in S. antibioticus Tü1718 

(ceaS3, bls3, pah3, cas3 and oat3) are in the same order and orientation as their 

orthologues in the clavulanic acid gene cluster in S. clavuligerus. This is shown in 

Figure III.15 A and B. These two microorganisms produce different clavams and 

yet the early genes are present in both of them with very high similarity. This 

observation confirms the role of these genes in the early steps of clavam 
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production in these two Streptomyces species and probably any clavam-producing 

microorganism and suggests the presence of these genes is likely to be observed 

in any other clavam producing species.  

It has been shown that disrupting any of the early genes in S. clavuligerus 

reduces the production of clavulanic acid and 5S clavams to a great extent 

(Bachmann et al. 1998; Jensen et al. 2000). The difference between S. 

clavuligerus and S. antibioticus Tü1718 is that the early genes in S. clavuligerus 

are present in two distinct and physically separated copies on the chromosome 

(mentioned in the Introduction). Because these genes are present in two copies, 

disruption of one of these copies would not eliminate clavam production 

completely.  

It is suggested that the reason for the presence of the early genes in two 

copies is the participation of these genes in two pathways (clavulanic acid and 5S 

clavams) (Jensen and Paradkar 1999). Therefore given the fact that S. antibioticus 

Tü1718 produces only 5S clavams and no clavulanic acid, we expected to observe 

only one copy of these genes in this microorganism. This study showed that the 

early genes in S. antibioticus Tü1718 have only one copy with the exception of 

pah, which has a second copy of the gene in the cluster. This was surprising 

because the second copy was not in a separate cluster from the first one. In 

addition, this was the only early gene that had two copies.   

The early steps for clavam biosynthesis and the function and characteristics 

of the different enzymes are explained in the Introduction. In order to confirm the 
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role of these genes in clavam production in S. antibioticus Tü1718 and show their 

necessity for the process, one of them, cas3, was selected to be subjected to PCR 

targeted mutagenesis. Also Janc et al., (1995) had previously shown Cas3 to be 

similar to Cas1 and Cas2 (more similar to Cas1). Mutation of cas3 resulted in the 

complete loss of clavam production in S. antibioticus Tü1718. This confirms the 

role of cas3 in the early steps of clavam production. In addition, it strongly 

suggests that cas3 is the only copy of cas in S. antibioticus Tü1718, because if 

there were another copy there would still be some clavam production in the 

mutant.  

IV.1.2. The late genes and the predicted biosynthetic pathway 

The late steps for clavam production in S. clavuligerus are not yet fully 

understood. However some of the genes that function in the late steps have been 

identified. In S. clavuligerus the late genes for clavam biosynthesis are located in 

the clavam and paralogue gene clusters (Tahlan et al. 2007). The paralogue cluster 

contains the paralogues for the early genes, except cas (Tahlan et al. 2004b). The 

paralogue for cas2 (cas1) is in the clavam cluster, flanked by some of the late 

genes (Mosher et al. 1999; Marsh et al. 1992). In addition to the paralogues of the 

early genes, the paralogue cluster also contains paralogues for cvm6 and cvm7, 

two of the genes from the clavam cluster. Other genes responsible for clavam 

production in S. clavuligerus have been identified in the paralogue cluster. These 

were orfA, orfB, orfC, orfD, and they were shown to be required for the late steps 

in alanylclavam production in S. clavuligerus.  
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Analyzing the ORFs surrounding the early genes in S. antibioticus Tü1718 

showed the presence of a number of ORFs that may encode enzymes for the late 

steps of the pathway (Figure III.15). Studying the ORFs found in S. antibioticus 

Tü1718 and comparing them with the corresponding genes from S. clavuligerus 

made it possible to predict a biosynthetic pathway for clavams in this 

microorganism. The proposed biosynthetic pathway for clavam biosynthesis is 

shown in Figure IV.1. As shown in the pathway, the first reaction after formation 

of clavaminic acid is believed to be a transamination. A potential candidate for 

this step is the enzyme Atr is produced by atr. This gene shows very high 

similarity to a 4-aminobutyrate aminotransferase from Segniliparus rotundus. A 

typical reaction catalyzed by an Atr is shown in Figure IV.2. According to Tahlan 

et al. (2007), in S. clavuligerus a transamination step is necessary after clavaminic 

acid. C6p, the product of c6p from the paralogue cluster, is proposed to catalyze 

this step in S. clavuligerus. The gene atr from S. antibioticus Tü1718 shows no 

similarity at the nucleotide or amino acid level to c6p. However, since they both 

have the same function, atr is thought to be a functional counterpart of c6p.    

The next step of the pathway involves reduction of the double bond of the 

side chain and the candidate enzyme for this step is the aldo-keto reductase 

encoded by akr. The aldo-keto reductase (akr) is an orthologue of cvm1 from the 

clavam gene cluster in S. clavuligerus. akr shows high similarity at the nucleotide 

and amino acid levels to cvm1. A study done by Mosher et al. showed that the 

disruption of cvm1 abolishes the production of two of the 5S clavams in S. 

clavuligerus. However clavulanic acid and cephamycin C production were not 
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affected by this mutation (Mosher et al. 1999). This clearly indicates that Cvm1 is 

involved in the biosynthesis of 5S clavams only. It is not exactly clear which step 

of clavam biosynthesis in S. clavuligerus is catalyzed by Cvm1, however in our 

proposed biosynthetic pathway, it is suggested that Cvm1, like Akr, catalyzes the 

second step of the late steps, which is the reduction of the C-2—C-8 double bond.  

The gene adh does not have any counterparts in S. clavuligerus. The 

sequence of this gene, which lies at the one end of the sequenced insert in cosmid 

6J11, seems to be incomplete. The predicted biosynthetic pathway in S. 

antibioticus Tü1718 differs from that of S. clavuligerus in that it involves another 

reduction on the same carbon (C-9) after the action of Akr. This step would give 

rise to 2-hydroxyethylclavam, which is one of the end products of the biosynthetic 

pathway in S. antibioticus Tü1718, but not in S. clavuligerus.  

An alternative step, which results in a branch in the pathway, is the reaction 

carried out by Soh. This enzyme is the product of soh, which shows very high 

similarity to orfA from S. clavuligerus (at both the nucleotide and amino acid 

levels). OrfA resembles a serine hydroxymethyltransferase and is proposed to add 

glycine to one of the clavam intermediates to produce 8-hydroxyalanylclavam 

(Zelyas et al. 2008). A typical reaction catalyzed by a serine 

hydroxymethyltransferase is shown in Figure IV.3. In S. antibioticus Tü1718, Soh 

is proposed to add a glycine to the product of Akr and give rise to a 9-

hydroxyclavam intermediate, analogous to the 8-hydroxyalanylclavam 

intermediate seen in S. clavuligerus.  
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The final step required to convert the 9-OH clavam intermediate into 

valclavam is attachment of a valine residue via a peptide bond. There is no clear 

candidate for such a reaction. The ligase (Lig) is produced by lig and does not 

have any counterpart in S. clavuligerus. This enzyme is proposed to catalyze the 

addition of a valine molecule to the 9-hydroxyclavam intermediate and give rise 

to valclavam.  

This enzyme also shows limited similarity to D-alanyl-D-alanine ligase. 

This enzyme belongs to the ATP-grasp fold superfamily. Some other proteins of 

this family are carbamoyl phosphate synthetase, biotin carboxylase, and 

glycinamide ribonucleotide synthetase (Fan et al. 1997; Galperin and Koonin 

1997; Thoden et al. 1998; Thoden et al. 2000; Wang et al. 1998). It is believed 

that these proteins share an ATP-dependent carboxylate-amine or thiol ligation 

mechanism. As Figure IV.4 shows this reaction is a carboxylate-amine ligation, 

involving the activation of a carboxylate, in our case, valine, as an acyl-phosphate 

intermediate that reacts with a nucleophilic substrate, in our case, the 9-OH 

clavam intermediate (Galperin and Koonin 1997). 

ORF17 produced by orf17 in S. clavuligerus is one of the enzymes that is 

necessary for clavulanic acid production. This enzyme, N-glycyl-clavulanic acid 

synthetase, catalyzes the conversion of (3S, 5S)-clavaminic acid to N-glycyl-

clavaminic acid Figure IV.5. This enzyme is also a member of the ATP-grasp fold 

superfamily and requires ATP, glycine, Mg2+, K+ for its action (Arulanantham et 

al. 2006). It is believed that the reaction involving ORF17 proceeds through an 

enzyme-bound O-glycyl-phosphate intermediate, which is analogous to the D-
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alanyl phosphate intermediate that is seen in the D-alanine-D-alanine ligase 

subfamily (Healy et al. 2000; Mullins et al. 1990). However, there is no overall 

similarity between Lig and ORF17 at either the nucleotide or amino acid level. 

The first gene on the 5’ end of the cluster is psr. The predicted product of 

this gene is similar to SanG from Streptomyces ansochromogenes, which is a 

pathway specific regulator in nikkomycin biosynthesis. Liu et al. (2005) showed 

that this gene was necessary for nikkomycin production and it is needed for the 

transcription of two genes, sanO and sanN. The N-terminus of the protein SanG 

shows similarity to the SARP family (Liu et al. 2005). According to Sheldon et al. 

(2002) the proteins from the SARP family contain an OmpR-like DNA binding 

domain, which binds to certain repeats in the DNA (Sheldon et al. 2002). The 

promoter of sanG contains an A-T rich region that shares highly conserved 

residues with some genes including ccaR from S. clavuligerus (Perez-Llarena et 

al. 1997). No studies were done on the gene psr, therefore the exact role of this 

gene in clavam biosynthesis is not known, but it may encode a pathway specific 

regulator which controls clavam biosynthesis.      

The gene ctr is another gene from the clavam gene cluster that shows 

similarity to transcriptional regulators. This gene shows high similarity to c7p 

from S. clavuligerus, and according to Tahlan et al. 2007, disruption of c7p 

resulted in the loss of 5S clavam production in S. clavuligerus, while the level of 

clavulanic acid was as high as the wild type. On this basis, Ctr may represent 

another transcriptional regulator involved in the production of 5S clavams in S. 

antibioticus Tü1718. 
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There were two ORFs in the cluster (orfTü1 and orfTü2) that did not show 

similarity to any antibiotic production genes. They are considered to be within the 

cluster because they are flanked by genes with known or proposed roles in clavam 

biosynthesis. orfTü1 was similar to a NUDIX hydrolase from Streptomyces 

platensis. The NUDIX hydrolases are a family of enzymes that are found in 

viruses, archaea, eukaryotes and prokaryotes. These enzymes are mainly 

pyrophosphohydrolyases and the general structure of their substrates is a 

nucleoside diphosphate linked to variable group, X (NDP-X). The reaction yields 

NMP and P-X (Bessman et al. 1996). Some examples include nucleotide sugars 

and alcohols, dNTPs, dinucleoside polyphosphates (NpnN), capped RNAs and 

dinucleotide co-enzymes (Fisher et al. 2004; Hori et al. 2005; Ito et al. 2005; Xu 

et al. 2004). No role is obvious for this orf at present. 

The other ORF, orfTü2, resembles a major facilitator transporter from 

Thermobispora bispora. The major facilitator superfamily (MFS) is also called 

the uniporter-symporter-antiporter family (Baldwin 1993; Goswitz and Brooker 

1995; Griffith et al. 1992; Henderson 1991; Marger and Saier 1993). These 

transporters are single-polypeptide secondary carriers and transfer small solutes in 

response to the chemiosmotic gradient. The MFS transporters are present in many 

organisms and have been classified into 17 groups (Pao et al. 1998). It is possible 

that the product of this gene would have a role in the resistance of S. antibioticus 

Tü1718 against the antibiotics it produces, or in transport of clavam products out 

of the cell.  
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IV.2. The surprising features of the cluster 

IV.2.1. A second copy of pah 

The genes mentioned in the previous sections of this chapter may have a 

function in the clavam production pathway. However, there are some genes in the 

cluster, which either do not have an obvious role in the biosynthesis of clavams in 

S. antibioticus Tü1718, or their presence in the cluster was surprising. One of 

these interesting features was a second copy of pah in the cluster. Normally in 

Streptomyces spp., genes for the biosynthesis of secondary metabolites are 

clustered together. S. clavuligerus is an exception in having the genes for clavam 

biosynthesis in three different clusters. These clusters are in distant locations on 

the chromosome of this microorganism and the paralogue gene cluster is located 

on a giant linear plasmid outside the chromosome (Tahlan et al. 2004; Medama et 

al. 2010). In S. clavuligerus all of the early genes have a paralogue. Our studies 

have shown that in S. antibioticus Tü1718 pah is the only gene that has a 

paralogue, and interestingly, it is not spatially distant from the other copy. 

According to Wu et al. (1995), Pah removes the guanidino group from 

guanidinoproclavaminate and produces proclavaminate (Figure IV.6). This is 

because Cas is not able to use guanidinoproclavaminate as a substrate until the 

guanidino group has been removed (Wu et al. 1995).  Pah is therefore an 

important enzyme in the pathway. However, there seems to be no clear 

explanation why there should be two copies of this gene only. 
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IV.2.2. The stem-loops flanking oat3 
One of the early genes in clavam production is oat3. This gene shows very 

high similarity at the nucleotide and amino acid levels to its counterparts in S. 

clavuligerus. Studies on S. clavuligerus have shown that oat has ornithine 

acetyltransferase activity (Kershaw et al. 2002) and transfers the acetyl group 

from N-acetylornithine to glutamate. This is one of the crucial steps in arginine 

biosynthesis (Udaka and Kinoshita 1958). It is suggested by Tahlan et al. (2004) 

that this activity is required to produce arginine, which is one of the precursors in 

clavam biosynthesis. The reaction is shown in Figure IV.7. 

It was shown by Tahlan et al. (2004) that disruption of oat1 in S. 

clavuligerus did not have a significant effect on clavam production. It was 

suggested that oat2 and another gene with the same function (argJ) compensate 

for the loss of oat1. Double mutants of oat1/oat2 produced lower levels of 

clavams in S. clavuligerus. The residual levels of clavam biosynthesis are 

believed to be due to the activity of ArgJ (Tahlan et al. 2004).    

The exact role of Oat in clavam biosynthesis in S. clavuligerus is not very 

clear. It seems that even in the absence of both copies of this gene there is still 

clavam production taking place. Therefore oat cannot be considered one of the 

essential early genes like bls, ceaS, cas, and pah. In S. clavuligerus neither of the 

copies of oat is flanked by a significant secondary structure. In contrast, in S. 

antibioticus Tü1718, oat3 is flanked by two strong stem-loops with free energies 

of -81 and -55.5 Kcal/mol. These structures may to be isolating the gene or have a 

regulatory function disconnecting the transcription of oat3 from that of the rest of 
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the early genes. It might be possible that oat3 is only transcribed when the 

medium is deprived of arginine and there is a need for this precursor.  

IV.2.3. The nitroreductase gene 
Another gene with an unclear function in the clavam cluster of S. 

antibioticus Tü1718 is nitroreductase (ntr). This gene encodes a putative protein 

very similar to a nitroreductase from Thermomonospora curvata. The whole 

genome of this microorganism has been sequenced recently. The family of 

nitroreductases comprises enzymes that are FMN- or FAD- and NAD(P)H- 

dependent and they are found in bacteria and some eukaryotes. Nitroreductases 

are not present in photosynthetic eukaryotes. The Ntr from T. curvata is believed 

to have an oxidoreductase activity. A schematic reaction catalyzed by 

nitroreductase is shown in Figure IV.8 (Yanto et al. 2010).  

There is no obvious place for involvement of a nitroreductase in the clavam 

biosynthetic pathway in S. antibioticus Tü1718. However the gene is located in 

the cluster upstream of the second copy of pah. Therefore it was suggested that 

this gene might have a role in clavam production. ntr was subjected to PCR-

targeted mutagenesis and the gene was replaced with an apramycin resistance 

cassette. Disruption of ntr resulted in the loss of clavam production in the mutant, 

which was surprising because there seems to be no obvious role for this enzyme 

in the pathway. Because ntr is in reverse orientation to the early genes 

downstream of it, the loss of clavam production also should not be due to a polar 

effect.  
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IV.3. Future directions 

Our studies provided insight about the clavam biosynthetic pathway in S. 

antibioticus Tü1718, the different genes involved in this process, and their 

similarities to the genes found in S. clavuligerus. More thorough studies are 

required to obtain a complete understanding of clavam biosynthesis in different 

Streptomyces species. cas3 was the only early gene that was subjected to 

mutagenesis. From the early genes, pah3 and its second copy, pah4, would also be 

good candidates for mutagenesis. Single mutants of each gene could be prepared 

and compared to wild type. This would show if one copy could compensate for 

the other one or not. If they could, a pah3/pah4 double mutant would be expected 

to be unable to produce clavams. It would also be interesting to determine if only 

one copy of pah (either pah3 or pah4) could restore clavam production to wild 

type levels.  

Studies could be done on psr and the transcription of the clavam genes 

could be examined. The promoter region of the genes that their transcription is 

regulated by psr could be analyzed and compared to those in sanO and sanN to 

see whether they have the same motifs or not. 

Complementation studies on cas3 mutant are still in progress. If the cas3 

gene could successfully be inserted back into the cas3 mutant of S. antibioticus 

Tü1718 it could be examined whether clavam production could be restored to 

wild type levels. If clavam production was restored, this would confirm that 

disruption of cas3 was solely responsible for the loss of clavam production (as is 

most likely). However, if production was not restored, the cas3 gene disruption 
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might also be having polar effects on expression of downstream genes in the 

cluster. The attempts for this experiment were unsuccessful. Possibly, the 

resistance marker that is present on the vector carrying the complementing gene 

could not give resistance to S. antibioticus Tü1718. It is also possible that the 

vector could not survive and replicate in S. antibioticus Tü1718. Regardless, the 

disruption of cas3 clearly showed that the 5S clavam gene cluster of S. 

antibioticus Tü1718 has been identified. Complementation experiments for ntr are 

less relevant, because this gene is oriented in the opposite direction compared to 

the other genes flanking it. Therefore polarity should not be an issue, and the loss 

of clavam production can be specifically attributed to the mutation in ntr.     

Another early gene that would be interesting to study further is oat3, 

especially due to the transcriptional isolation of this gene by the two strong stem-

loops that are flanking it. Considering the fact that the secondary structures made 

PCR across the region almost impossible, mutation of this gene by a PCR-based 

strategy might be more difficult than other genes because of the secondary 

structures. The levels of clavam production could be compared to oat1/oat2 

double mutants in S. clavuligerus. Point mutations in the stem-loops could be 

made and the effects of these mutations could be examined on antibiotic 

production and transcription levels of this gene.   

Another study that can be done on the early genes would be complementing 

the S. clavuligerus mutants of the early genes with the early genes from S. 

antibioticus Tü1718 and to examine whether these genes could restore clavam 

production to wild type levels in S. clavuligerus or not. More particularly, 
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introduction of S. antibioticus Tü1718 clavam genes might alter the spectrum of 

5S clavam products produced by S. clavuligerus. This is one reason that the 

cosmid pOJ436 was chosen for library construction, to facilitate heterologous 

expression studies.  

The nitroreductase is another mysterious gene with no obvious role in 

clavam production, but which was shown to be important for the biosynthesis of 

these compounds. Purification of nitroreductase enzyme and more structural 

studies on the protein would give more insight about the substrate and activity of 

this enzyme. The role of nitroreductase could then be more evident.  

In the HPLC analysis of the fermentation broth from the ntr mutant, there 

was a very small peak that appeared approximately 9 minutes after injection. This 

peak showed an absorption spectrum that indicated it was a clavam product, and it 

was not present in wild type fermentation broth.  Purification and structural 

analysis of this product could potentially help to identify the substrate for the 

nitroreductase enzyme. 

HPLC analysis of the fermentation broth of the wild type S. antibioticus 

revealed two clavam peaks, and S. antibioticus Tü1718 is reported to produce two 

clavam products, 2-hydroxyethylclavam and valclavam. Mass spectrometry and 

bioassay analysis allowed the larger of the two peaks to be identified as 

valclavam. The mass of other peak however was not consistent with it being 2-

hydroxyethylclavam. This peak might be one of the intermediates in clavam 

biosynthesis, and if it could be isolated and purified in larger amounts for 
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structural analysis, this would give further insights into the details of the 

biosynthetic pathway. 

 The two ORFs that were found in the cluster (orf Tü1 and orf Tü2) are 

believed to be general housekeeping genes more likely to be involved in primary 

metabolism than specifically necessary for clavam biosynthesis. These ORFs 

could be mutated to determine whether or not they have a role in clavam 

biosynthesis.  

These experiments and similar studies on other clavam producing species 

would help to provide a complete picture of the clavam production pathway. This 

could lead to a better understanding of how it can be manipulated in S. 

clavuligerus towards gaining more clavulanic acid and less 5S clavams, or 

possibly even novel forms of clavulanic acid.  
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Figure IV.1: The proposed biosynthetic pathway for clavam production in S. 
antibioticus Tü1718. The early steps have not been shown in detail and only the 
order of the enzymes is shown. Each arrow represents a step, showing the gene 
producing the enzyme for that step on the top of the arrow. The proposed late 
steps are shown at the bottom (below the dashed line). The steps and products 
shown in blue are hypothetical. For details about the pathway refer to the text.   
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Figure IV.2: A typical reaction catalyzed by an aminotransferase (Atr). The 
amino group is removed from the amino acid to the oxo acid, making the oxo acid 
an amino acid and the amino acid an oxo acid. 
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Figure IV.3: A typical reaction catalyzed by serine hydroxymethyltransferase 
(Soh). The methyl group from 5,10-methyltetrahydrofolate is transferred to 
glycine in the presence of water, giving tetrahydrofolate and serine.   
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Figure IV.4: General mechanism of the ATP-grasp enzymes, a generic 
carboxylate-amine ligation reaction.  
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Figure IV.5: The action of ORF17 in the clavulanic acid pathway in S. 
clavuligerus. This enzyme catalyzes the conversion of (3S, 5S)-clavaminic acid to 
N-glycyl-clavaminic acid. The reaction involves the addition of glycine to the 
substrate and ATP hydrolysis. 
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Figure IV.6: The action of proclaminate amidinohydrolase (Pah). This enzyme is 
crucial in clavam biosynthesis and removes the guanidino group from 
guanidinoproclavaminate and gives proclavaminate.  
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Figure IV.7: The activity of ornithine acetyltransferase (OAT). This enzyme is 
required for arginine biosynthesis. OAT catalyzes the transfer of an acetyl group 
from N-acetylornithine to glutamate (Udaka and Kinoshita 1958).  
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Figure IV.8: The reactions catalyzed by nitroreductase as shown by Yanto et al. 
(2010).  
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