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ABSTRACT 
Solventogenic clostridial strains were used extensively in the industrial acetone-butanol-

ethanol (ABE) fermentation during the first half of this century. This fermentation was based 

predominantly on two substrates: corn mash (rich in starch) and molasses (rich in sucrose). 

Taxonomically distinct strains were used for ABE fermentations based on the two substrates. 

Although starch . utilization by amylolytic solventogenic clostridial strains had been 

investigated, sucrose utilization by saccharolytic solventogenic clostridial strains had not been 

comprehensively studied. This provided the impetus for the present study. The primary aim of 

the project was to provide a molecular and physiological characterization of the sucrose 

utilization system of Clostridium beijerinckii NCIMB 8052. 

The C. beijerinckii sucrose utilization operon, scrARBK, was cloned in three stages. In the 

first stage a C. beijerinckii genomic library was screened in Escherichia coli for clones able to 

utilize sucrose. Using this approach, a truncated scr operon was isolated. The remainder of the 

operon was isolated in the second and third stages by recovering a plasmid integrated into the 

scrB gene, and inverse-PCR respectively. The four genes of the scrARBK operon were 

prowsed to encode an Enzyme1IBC1
ucrose protein of the PTS (ScrA); a transcriptional 

repressor of the GalR-Lacl family (ScrR), a sucrose-6-phosphate hydrolase of the glucosyl 

hydrolase family 32 (ScrB) and an ATP-dependent fructokinase of the ribokinase/pfkB sugar 

kinase family (ScrK). 

Northern blot analysis confirmed that the individual genes of the scr operon were co

transcribed and that transcription was induced by sucrose. Disruption of the operon, by 

targeted plasmid integration into the scrR and scrB genes, resulted in C. beijerinckii strains 

unable to utilize sucrose. This suggested that the operon encoded the only sucrose inducible 

sucrose metabolic pathway in C. beijerinckii. Northern blot analysis also indicated that the 

disruption of scrR resulted in constitutive transcription of the 5' -undisrupted region of the 

operon. This suggested that scrR encoded a transcriptional repressor of the operon, and was 

therefore itself negatively autoregulated. 

At the physiological level sucrose hydrolase and ATP-dependent fructokinase activities were 

found to be induced only in sucrose-grown C. beijerinckii cells. Induction of these activities 

by sucrose was consistent with transcriptional induction of the scr operon by sucrose. 
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Glucose-mediated repression of sucrose uptake, sucrose hydrolase and fructokinase activities 

was also demonstrated, however, the mechanism involved was not established. 

From the results presented in this dissertation, and by analogy with previously studied sucrose 

utilization systems, it was proposed that sucrose utilization by C. beijerinckii involved PTS

dependent sucrose transport, yielding intracellular sucrose-6-phosphate. Sucrose-6-phosphate 

would in turn be hydrolyzed by a sucrose-6-phosphate hydrolase (sucrose hydrolase), 

releasing glucose-6-phosphate and fructose. Fructose would then be phosphorylated by an 

intracellular fructokinase. It was proposed that this pathway is encoded by the scr operon, and 

that transcription of the operon is regulated in response to sucrose by the scrR gene product. 
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Clostridium beijerinckii NCIMB 8052 is a mesophilic, obligately anaerobic, spore-forming 

bacterium, that produces acetone, butanol and ethanol when grown on sugary substrates. It is 

closely related to clostridial strains that were used in industrial acetone-butanol-ethanol (ABE) 

fermentations based on molasses. To place C. beijerinckii NCIMB 8052 in context, the history of 

the ABE fermentation and taxonomy of the solventogenic clostridia will be briefly considered. 

The general characteristics of C. beijerinckii will then be discussed, and this will be followed by a 

review of bacterial sucrose utilization. It should be noted that the designation C. beijerinckii 

NCIMB 8052 has only recently been assigned, and that this strain was previously classified as 

Clostridium acetobutylicum NCIMB 8052 (Keis et al., 1995). Hereafter the designation C. 

beijerinckii NCIMB 8052 or simply C. beijerinckii will be used. 

1.1.1. IDstory of the ABE fermentation 

The outbreak of the First World War resulted in a demand for acetone, which was used as a 

colloidal solvent for nitrocellulose in the production of munitions. This lead to the initiation of 

the first industrial ABE fermentation using a solventogenic clostridial strain, at the facilities of 

Strange and Graham Ltd. (United Kingdom), in 1916 (for reviews see Johnson and Chen ( 1995); 

Jones and Keis (1995); Jones and Woods (1986)). The strain used was initially designated BY 

and subsequently renamed Clostridium acetobutylicum (McCoy et al., 1926). After the first world 

war, ABE fermentations were operated by the Commercial Solvents Corporation (USA) under a 

world-wide patent, valid until 1935. All of the early ABE fermentations were based on com 

mash, a substrate rich in starch. In the 1930's, however, an abundant supply oflow-cost molasses 

provided the impetus for the development of a molasses-based ABE fermentation. Since the 

original strains were unable to completely ferment the sucrose in molasses, new solventogenic 

clostridial strains were isolated. The lapse of the Commercial Solvents Corporation patent in 

1935, further stimulated the search for new strains, as several companies implemented ABE 

fermentations. New strains were named primarily on the basis of patent considerations, and this 

resulted in a plethora of strain names emerging with no clear understanding of the relationships 

between the strains. 

During the 1950's the ABE fermentation faced increasing competition for solvent production 

from the developing petrochemical industry. In addition, molasses prices continued to increase, 

eventually resulting in the demise of the fermentation. At present, it is operated only 
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in the People's Republic of China, although there has been a renewal of interest in the 

fermentation as a means of producing solvents from renewable resources (Woods, 199S). The 

development of a molasses-based fermentation using Clostridium 

saccharoperbutylacetonicum was considered for Brazil in the early 1990' s, where low cost 

molasses and improved fermentation processes, were proposed to make the fermentation 

economically viable (Afschar et al., 1990). 

1.1.2. Taxonomy of the solventogenic clostridia 

With the demise of the ABE fermentation many of the strains isolated in the 1930's and 

1940's were lost and many of those remaining were classified as strains of C. acetobutylicum. 

Some of the more commonly studied strains include: C. acetobutylicum ATCC 824 (Serving 

as the ATCC C. acetobutylicum type strain); C. acetobutylicum DSM 792 (Serving as the 

DSM C. acetobutylicum type strain); C. beijerinckii NCIMB 80S2 (which until recently, 

incorrectly served as the NCIMB C. acetobutylicum type strain); Clostridium 

saccharoperbutylacetonicum Nl-4 (also referred to as C. acetobutylicum Nl-4) and C. 

acetobutylicum NCP 262. 

As a result of extensive research performed on the various solventogenic clostridial strains, 

many physiological and genetic differences were observed. These studies suggested that the 

various strains designated as C. acetobutylicum, may in fact represent several different species 

(Wilkinson et al., 199Sa). These differences have been noted by Johnson and Chen (199S) and 

include: 

(i) Differences in the degree to which strains are able to sustain solventogenesis in continuous 

culture. C. beijerinckii NCIMB 80S2 rapidly loses the ability to produce solvents and 

sporulate, in a process referred to as strain degeneration (Kashket and Cao, 199S; Stephens et 

al., 198S). In contrast, C. acetobutylicum ATCC 824 and DSM 1731 are able to sustain 

solvent production in continuous culture (Woolley and Morris, 1990). 

(ii) Differences in the pH at which solventogenesis is initiated and sustained. For C. 

acetobutylicum strains ATCC 824 and DSM 792, sustained solvent production occurs at or 

below pH S.S. In contrast, C. beijerinckii NCIMB 80S2 is capable of producing solvents in 

cultures maintained at pH 7 (Holt et al., 1984) 
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(iii) A specific restriction endonuclease system is present in C. acetobutylicum ATCC 824 

cleaving at 5'-GCNGC-3'(Mermelstein and Papoutsakis, 1993a). No evidence exists for a 

similar system in C. beijerinckii NCIMB 8052. 

(iv) Significant differences in genome size and restriction endonuclease fragment profiles 

were revealed, using pulsed-field gel electrophoresis of genomic DNA extracted from C. 

saccharoperbutylacetonicum Nl-4, C. acetobutylicum ATCC 824 and C. beijerinckii NCIMB 

8052 (Wilkinson and Young, 1993). 

Differences identified between the strains stimulated research into the taxonomic relationships 

between them. These studies have used biotyping, involving rifampin and bacteriocin 

resistance assays, as well as bacteriophage susceptibility typing (Keis et al., 1995). In 

addition, reassociation of genomic DNA from the different strains was used as a measure of 

overall DNA sequence similarity (Johnson and Chen, 1995). Genomic DNA fingerprint 

analysis, using pulsed-field gel electrophoresis (Keis et al., 1995; Wilkinson and Young, 

1993) and 16S ribosomal RNA sequence analysis were also employed (Collins et al., 1992; 

Keis et al., 1995; Wilkinson et al., 1995a). These studies allowed for the identification of four 

taxonomic groups, with the proposal that each group represents a distinct species (Keis et al., 

1995). 

Relationships between representatives of the four taxonomic groups are illustrated in Figure 

1.1. Taxonomic group 1 is represented by C. acetobutylicum ATCC 824 and consists of 

amylolytic strains used in com mash fermentations. Taxonomic group 2 is represented by C. 

acetobutylicum NCP262, taxonomic group 3 is represented by C. 

saccharoperbutylacetonicum Nl-4 and taxonomic group 4 is represented by C. beijerinckii 

NCIMB 8052. It is noteworthy that the species isolated reflect the changing requirements of 

the ABE fermentation during the century. Initially, amylolytic solventogenic strains from 

group 1 were used in com mash fermentations. These strains were replaced by saccharolytic 

strains, from groups 2, 3 and 4, as molasses became the preferred fermentation substrate. 

Research has been conducted into the utilization of starchy substrates by some of the members 

of taxonomic group 1, particularly C. acetobutylicum ATCC 824 (Verhasselt et al., 1989; 

Verhasselt and Vanderleyden, 1993; Annous and Blaschek, 1990, 1991; Paquet et al., 1991). 

In contrast, comprehensive studies on sucrose utilization by saccharolytic solventogenic 
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clostridial strains, have not been reported. This provided the impetus for the present study, 

which was aimed at characterizing the sucrose utilization system of C. beijerinckii NCIMB 

8052. In the sections which follow, the general characteristics of C. beijerinckii NCIMB 8052 

will be considered. This will be followed by a review of bacterial sucrose utilization. 

c.111• ft!lllNCIMllOIZ ·[Group 4) 
c. •• , ........ 111 
C.11•1•IWllllNC!li9 Im 

'C. 11; la4••.-r I tonlcun' N1-4•(Group 3) 
c. 1111tnll ... HCP 212-[Group 2] 

C.punln• 
C. ........ OIMl471 
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C. ........ ATCCCU 
c. ........ . 

----re. ....... , 
c. .......... . 

------c.~ 
---C.cla' 1 Mt• 

--c.--
--C.PlllllU?lm;mn __ _. C. .... ATCCZ7111 

C.._..ATCC41711 .._ ____ c.,..fdl ... ..._ ____ .... ..,. 
11----c.111a 

10.1 ___ c. 11dTI9fll 

10 I • 4 I 0 

Fig. 1.1 Unrootcd phylogenetic dendrogram showing the taxonomic positions of: group 1 representative C. 
acetobutylicum ATCC 824; aroup 2 representative C. autobutylicum NCP 262; group 3 representative C. 
saccharoperbutylacetonicum Nl-4 and group 4 representative C. beijerinckii NCIMB 80S2. The dendrogram 
was based on 16S ribosomal RNA gene sequences (positions 100 to 1434; E, coll numbering). The scale bar 
indicates evolutionary distance (taken from Kies et al., 199S). 

1.1.3. C. beijerinclcii growth, solventogenesis and differentiation. 

The growth of solventogenic clostridial strains, including C. beijerinckii, is typically 

associated with three phases: an initial growth phase, involving highly motile rod-shaped cells 

and the production of acetic and butyric acids; a solventogenic phase, involving nongrowing, 

nonmotile, clostridial-shaped cells, which reassimilate acetic and butyric acids, and produce 
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acetone and butanol; and a third phase involving sporulation and the inhibition of 

solventogenesis (Jones and Woods, 1986; Woods, 1995). 

Acidogenic and solventogenic pathways are relatively well understood and have been 

reviewed (Jones and Woods, 1986; Rogers and Gottschalk, 1993; Durre et al., 1995). These 

pathways will be considered in three components: firstly central reactions, involving 

intermediates common to acidogenesis and solventogenesis ( c to f in Fig. 1.2); secondly, 

reactions involved in acidogenesis (g to j in Fig. 1.2) and thirdly, reactions involved in 

solventogenesis (k to p in Fig. 1.2). The central pathway intermediates acetyl-CoA, 

acetoacetyl-CoA and butyryl-CoA are the key metabolites from which both solvents and acids 

are derived. A thiolase (acetyl-CoA acetyltransferase) catalyses the formation of acetoacetyl

CoA from acetyl-CoA. Butyryl-CoA is derived from acetoacetyl-CoA as a result of the 

activities of three enzymes viz: 3-hydroxybutyryl-CoA dehydrogenase; crotonase and butyryl

CoA dehydrogenase. During acidogenic metabolism, acetate and butyrate are derived from 

acetyl-CoA and butyryl-CoA respectively in parallel reactions. A phosphotransacetylase and 

phosphotransbutyrylase generate acetyl phosphate and butyryl phosphate respectively. The 

relevant acids are derived from their phosphorylated intermediates by acetate and butyrate 

kinases, in reactions yielding ATP. In the case of C. beijerinckii two clustered genes 

designated ptb and buk have been cloned and sequenced and encode a phosphotransbutyrylase 

and butyrate kinase respectively (Oultram et al., 1993). 

During solventogenic metabolism acetate and butyrate are reassimilated, yielding central 

pathway intermediates from which acetone and butanol are derived. CoA-transferase 

(Acetoacetyl-CoA:acetate/butyrate:CoA transferase) plays a central role in catalyzing the 

reassimilation of acetate and butyrate, in reactions generating central pathway intermediates 

acetyl-CoA and butyryl-CoA. CoA-transferase also plays an important role in the formation of 

acetone, by catalyzing the formation of acetoacetate from the central pathway intermediate 

acetoacetyl-CoA. Acetoacetate is then decarboxylated by acetoacetate decarboxylase yielding 

acetone and C02• Acetone may be further metabolized to isopropanol by alcohol 

dehydrogenases. Butanol is generated by the reduction of butyryl-CoA involving 

butyraldehyde and butanol dehydrogenases. Ethanol is generated by the reduction of acetyl

CoA, involving acetyldehyde and ethanol dehydrogenases. 



Hexose 

PT:_-{G 
Pyruvate 

~CoA 

C02 

Acetat.llcetyI-Pl)_AcetyI-Co]{~cetyiaideh::,10r Ethanol 
1

0 
CoA 

COzSP/ 

Acetone 

~Co A 

fi--111111"· cetoacetyl-CoA 
l~NADH 
I d 

' NAO+ 
3-Hydroxybutyryl-CoA 

'0 ~H20 
Crotonyl-CoA 

I 

. ~NADH 

~NAO+ 
Butyrate~ Butyryl-P~ Butyryl-CoA~utyraldehyde ~utanol 

,@\ ,~, r~~ r~ 
ATP ADP CoA Pi NADH NAO+ NADPH NADP+ 

12 

Fig. 1.2 Simplified representation of the branched acidogenic and solventogenic pathways in solventogenic 
clostridia. 
[a] Initial metabolism of hexoses and pentoses occurs via the Embden-Meyerhof and pentose phosphate pathways 
respectively, ultimately yielding pyruvate. [b] Acetyl-CoA is generated by the activity of a Pyruvate-Ferredoxin 
Oxidoreductase 
Central pathways are indicated by vertical dashed arrows and catalyzed by: [c] thiolase (acetyl-CoA 
acetyltransferase ); [ d] 3-hydroxybutyryl-CoA dehydrogenase; [ e] crotonase; [f] butyryl-CoA dehydrogenase. 
Acidogenic pathways are indicated by thin horizontal arrows and catalyzed by: [g] phosphotransbutyrylase; [h] 
butyrate kinase; [i] phosphotransacetylase; [j] acetate kinase. 
Solventogenic pathways are indicated by thick arrows and catalyzed by: [k] acetoacetyl
CoA:acetate/butyrate:CoA transferase; [l] acetoacetate decarboxylase; [m] butyraldehyde dehydrogenase; [n] 
butanol dehydrogenase; [ o] acetyldehyde dehydrogenase; [p] ethanol dehydrogenase. (After Woods, 1995; 
Collett, 1996; and Chen, 1993). 

Factors involved in the regulation of solventogenic metabolism and sporulation are only 

beginning to be elucidated for C. beijerinckii (Wilkinson et al., 1995b ). C. beijerinckii often 

fails to initiate solventogenesis and sporulation in a process referred to as strain degeneration 

(Kashket and Cao, 1995). This process is of interest because it may reflect on regulatory 

mechanisms controlling the initiation of solventogenesis and sporulation. In addition, it poses 

a limitation on the potential use of C. beijerinckii in ABE fermentations. 
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Strain degeneration occurs in both batch and continuous culture. In batch culture, it is likely 

that the rate of acid production exceeds the rate at which solventogenesis is initiated, with the 

result that the culture pH drops to lethal levels. Evidence in support of this comes from the 

fact that if C beijerinckii is cultured under conditions leading to a reduced growth rate, such 

as in minimal medium, strain degeneration is less likely to occur (K.ashket and Cao, 1995). 

Presumably, a reduced growth rate allows for solventogenesis to be initiated, before lethal 

acidification of the growth medium can occur. In continuous culture, however, C. beijerinckii 

also ultimately gives rise to a population of degenerate mutants. These mutants vary with 

respect to their capacity to initiate solventogenesis, sporulation and the accumulation of 

granulose (a glucose polymer). In one particular class of mutants, all three parameters were 

affected (Woolley and Morris, 1990). These mutants completely reverted to the wild-type 

phenotype at a frequency of about 5x 10-6. This lead to the suggestion that a single global 

regulatory locus was involved (Woolley and Morris, 1990). 

Attempts to characterize such a regulatory locus have employed transposon mutagenesis and 

an analysis of a C. beijerinckii homologue of the B. subtilis spoOA (Kashket and Cao, 1993; 

Brown et al., 1994). Transposon mutagenesis was used to produce a degeneration resistant C. 

beijerinckii strain carrying a single Tnl545 insertion (K.ashket and Cao, 1993). It was 

proposed that a global regulatory locus had been affected. However, evidence has yet to be 

reported, clearly explaining the mechanism whereby the transposon insertion results in a 

resistance to strain degeneration. More promising is the work conducted on the C. beijerinckii 

spoOA gene (Brown et al., 1994; Wilkinson et al., 1995b). The study was prompted by the fact 

that the B. subtilis spoOA encodes a phosphorylation-activated transcription factor involved in 

the regulation of stationary phase metabolism (Brown et al., 1994). A spoOA homologue was 

isolated from C. beijerinckii using PCR. Its deduced product was proposed to consist of an N

terminal phospho-acceptor domain and a C-terminal DNA-binding-effector domain (Brown et 

al., 1994; Wilkinson et al., 1995b). Disruption of spoOA in C. beijerinckii resulted in a strain 

unable to initiate granulose accumulation, solventogenesis and sporulation and this suggested 

that its gene product played a role in the regulation of these functions (Wilkinson and Young, 

1994; Wilkinson et al., 1995b ). It was hypothesized that the spoOA gene product would 

regulate gene expression by binding to 'OA box' sequences (5'-TGNCGAA) present in the 5'

regions of regulated genes. Putative 'OA boxes' were identified for several genes involved in 

solventogenic metabolism (Wilkinson et al., 1995b).While spoOA appears to encode a 
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regulator of solventogenesis and sporulation, the precise signals to which it responds, and the 

details of the regulatory mechanisms involved, remain to be established. 

1.1.4. Genetic aspects of C. beijerinckii 

A physical map of the C. beijerinckii genome has been generated using a ''Top Down" 

approach (Wilkinson and Young, 1995). This initially involved the mapping of extremely rare 

restriction endonuclease sites, SfiJ. and Rsrll, (3 and 6 sites respectively) to give a low 

resolution map. Subsequently, an attempt was made to map more common sites, Apal and 

Smal (more than 30 sites each). Twenty-seven genetic loci, corresponding to thirty-two 

protein-encoding genes, were located on the map. This work indicated that C. beijerinckii has 

a relatively large 6.7-Mbp circular genome with approximately fourteen ribosomal RNA 

operons (rm) operons, nine of which were clustered around a region proposed to encode the 

origin of replication. High numbers of rm operons are thought to facilitate a high growth rate, 

reflecting the situation in C. beijerinckii, which has a mean generation time of approximately 

30 minutes under optimal conditions (Wilkinson and Young, 1995). 

Although C. beijerinckii is devoid of endogenous plasmids, it supports replication of vectors 

containing replicons from pAMPl (Enterococcusfaecalis), pCBlOl (Clostridium butyricum) 

and pWVOl (Streptococcus cremoris) (Williams et al., 1990b). It has been argued that, where 

plasmid replication takes place via a single-stranded intermediate, as in the case of pCB 101 

and pWVOl, the plasmids are structurally less stable than when replication does not involve a 

single stranded intermediate (pAMPl) (Minton et al., 1993; Oultram et al., 1988). The only 

reliable antibiotic for use with C. beijerinckii is erythromycin or erythromycin derivatives 

such as clarithromycin, which has the added benefit of being stable in low pH environments 

(Minton et al., 1993; Mermelstein and Papoutsakis, 1993b). 

Transformation of C. beijerinckii has been achieved using electroporation, where 

transformation efficiencies ranged between 8.0 x 101 and 2.9 x 1 <>3 transformants/µg plasmid 

DNA (Oultram et al., 1988). Unfortunately these relatively low transformation efficiencies 

limited the usefulness of this technique. Subsequently, a more efficient conjugative plasmid 

transfer system, based on the broad-host-range conjugation system encoded by IncP plasmids, 

was developed (Williams et al., 1990b). This technique relied on an lncP helper plasmid, 

R702 (Hedges and Jacob, 1974), providing conjugation functions in trans to a series of 

mobilizable E. coli/C. beijerinckii shuttle plasmids (Williams et al., 1990b). The shuttle 
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plasmids carried: Gram-negative and Gram-positive replicons; Apa and Ema markers; and 

oriT sites (the sites at which the DNA duplex is nicked, prior to transfer of a single strand 

from donor to recipient). This approach provided for the efficient mobilization of shuttle 

plasmids from E. coli to C. beijerinckii and facilitated the subsequent development of a 

protocol for the targeted integration of plasmids into the C. beijerinckii genome. 

Integration of plasmids into the C. beijerinckii genome was achieved using a mobilizable 

shuttle plasmid (pMTL30) as described above, except for the omission of a Gram-positive 

replicon. Short (0.34-3.Skb) regions of C. beijerinckii 'target' DNA were cloned into pMTL30 

and conjugated into C. beijerinckii. Plasmid maintenance was dependent on a Campbell-like 

recombination event between the 'target' DNA, carried by pMTL30, and its equivalent on the 

C. beijerinckii genome (Campbell, 1962; Wilkinson and Young, 1994). Using this approach, 

both single and amplified plasmid copies became established in the C. beijerinckii genome. 

The frequency of nonreplicative plasmid establishment ranged between 2.6 x 10·7 to 1. 7 x 10-6 

transconjugants per recipient, with no clear correlation between the size of homologous DNA 

provided and the frequency of plasmid establishment. Since Campbell-like integration events 

generate a duplication of target DNA sequences, a reversal of the integration event was 

possible. It was found that in the absence of erythromycin selection, erythromycin-sensitive 

recombinants segregated at a frequency of between 3.7 x 10 .... to 1.3 x 10·3 per generation. 

The C. beijerinckii gutD and spoOA genes, encoding a sorbitol 6-phosphate dehydrogenase 

and a phosphorylation-activated transcription factor respectively, were disrupted by targeted 

plasmid integration. In both cases disruption occurred because the 'target' DNA corresponded 

to a region entirely within the coding sequence of the respective gene. The strain carrying a 

disrupted gutD was unable to grow on media where sorbitol was supplied as the sole carbon 

source. As indicated above, the strain carrying a disrupted spoOA was unable to initiate 

granulose accumulation, solventogenesis and sporulation. A similar approach has been used to 

disrupt the phosphotransacetylase, butyrate kinase and aldehyde/alcohol dehydrogenase 

encoding genes from C. acetobutylicum ATCC 824, where plasmid transfer was achieved by 

electroporation (Green and Bennett, 1996; Green et al., 1996). 

1.1.S. Carbohydrate utilization by C. beijerlnckil. 

Clostridial carbohydrate metabolism, and the cloning of carbohydrate catabolic genes from 

solventogenic clostridial strains, has been reviewed (Mitchell et al., 1995; Verhasselt and 
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Vanderleyden, 1993). The objective here is focus on work conducted on C. beijerinckii 

NCIMB 8052. It should be noted that although the PTS of C. beijerinckii is considered below, 

a more detailed discussion of the PTS is presented, in the context of sucrose uptake, in section 

1.2.1. This section should be consulted for a basic explanation of the relationships between 

PTS components. 

A glucose PTS was indicated for C. beijerinckii, by the presence of PEP-dependent glucose 

phosphorylation activity in cell free extracts (Mitchell et al., 1991). The K,,, for glucose was 

found to be 34µM. Extract reconstitution assays were conducted to characterize the glucose 

PTS. These experiments involved the preparation of membrane and cytoplasmic extracts by 

ultracentrifugation. Cytoplasmic extracts were then fractionated with respect to size, by gel 

filtration chromatography. The various fractions were combined with extracts from pts 

mutants of E. coli and B. subtilis and assayed for sugar phosphorylation. The work 

demonstrated, firstly, that the C. beijerinckii glucose PTS consisted of four components 

(Enzyme I, HPr, EIIA o1c and a membrane associated Ell°~, secondly, that the components of 

the C. beijerinckii PTS were able to interact with the PTS systems of E. coli and B. subtilis, 

and thirdly, that the cytoplasmic components of the C. beijerinckii glucose PTS were 

approximately the same size as their equivalents in other baeteria. 

Studies on the metabolism of several other sugars by C. beijerinckii have been aimed at: (i) 

establishing whether a PTS-dependent or non-PTS system is involved (usually by assaying for 

PEP-dependent sugar phosphorylation in C. beijerinckii extracts); (ii) establishing the 

relationship between supplied carbohydrates and the induction of sugar uptake systems and 

(iii) examining the effect of glucose on the utilization of other sugars. The results of these 

experiments have been presented in three reports (Albasheri and Mitchell, 1995; Mitchell et 

al., 1995 and Mitchell, 1996) and an attempt has been made to summarize the information in 

T ables 1.1. and 1.2. PTS-mediated sugar uptake appears to be the predominant carbohydrate 

transport mechanism in C. beijerinckii, and in addition to the glucose PTS, PTS-dependent 

transport mechanisms have been specifically proposed for fructose, sucrose, glucitol, mannitol 

and lactose. Non-PTS uptake systems, however, are thought to play a role in galactose and 

maltose uptake. 

Mitchell (1996) examined the relationship between supplied carbohydrates and the induction 

of sugar uptake systems (Table 1.1 ). The data obtained indicated that in cases such as glucitol, 
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the corresponding uptake system was induced only by the substrate involved, while in 

contrast, uptake systems for glucose appeared to be constitutively expressed. This work 

provides the first step towards identifying which carbohydrate utilization systems are 

regulated in C. beijerinckii. Further investigation is required to identify the physiological and 

molecular genetic mechanisms resulting in the observed regulation. 

Table 1.1. Uptake of carbohydrates by whole cells of C. beijerinckii0 

Growth 
Substrate 

Glucose 
Fructose 
Glucitol 

Ga lactose 

Presence of uptake activity for indicated carbohydrate 

Glucose Fructose Glucitol Galactose 
+ + 
+ + 
+ + + 
+ + 

0 The information presented here has been compiled from Mitchell (1996) 

The effect of glucose, on the utilization of other sugars, has also been investigated (Albasheri 

and Mitchell, 1995; Mitchell et al., 1995; and Mitchell, 1996). This was achieved by growing 

'induced' precultures in presence of a sugar of interest and 'uninduced' precultures in 

presence of glucose. Precultures were then inoculated into media containing both glucose and 

the sugar of interest. The disappearance of glucose and the sugar of interest was then 

monitored during growth. Three patterns were observed, and are summarized here as complete 

repression, delayed repression and no repression. Complete repression refers to a situation in 

which glucose completely repressed utilization of a second sugar. Delayed repression refers to 

a situation where glucose and the sugar of interest were initially utilized simultaneously. 

However, as growth proceeded, glucose utilization continued, while utilization of the second 

sugar was repressed (This typically occurred when an 'induced' preculture was used). In the 

third scenario, no repression was observed and both glucose and the carbohydrate of interest 

were utilized simultaneously. 

The results for various sugars are summarized in Table 1.2., however, it must be stressed that 

original reports should be consulted for an appreciation of detail. It is evident that the 

utilization of various sugars is affected differently by the presence of glucose. Fructose 

utilization, for example, is not repressed by the presence of glucose, while glucitol utilization 

is completely repressed. This work provides the first step towards identifying which 
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carbohydrate utilization systems are subject to glucose-mediated catabolite repression. 

However, further analysis is required to establish the mechanisms involved. 

Table 1.2. Repression of carbohydrate uptake by the presence of glucoseb. 

Uninduced preculture 0 Induced preculture a 

Carbohydrate of interest Complete Delayed No Complete Delayed No effect 
mixed with glucose repression repression effect repression repression 

Fructose + + 

Sucrose + + 

Maltose + + 

Lactose + + 

Cellobiose + + 

Glucitol + + 

0 'Uninduced' precultures were prepared by growth in the presence of glucose. 'Induced' precultures 
were prepared by growth in the presence of the carbohydrate of interest (Fructose, Sucrose, Maltose, 
Lactose, Cellobiose, Glucitol). Precultures were then inoculated into media containing glucose and 
the carbohydrate of interest. The disappearance of glucose and the carbohydrate of interest was then 
assayed over several hours. 
b The information presented here has been compiled from three reports (Albasheri and Mitchell, 
1995; Mitchell et al., 1995; and Mitchell, 1996) 

Catabolite repression mechanisms, in low-GC Gram-positive bacteria, are only beginning to be 

clearly elucidated (Saier et al., 1995 and 1996). The PTS appears to play a central role, and since this 

may well be the case in C. beijerinckii, it will be considered briefly. HPr, from low-GC Gram-positive 

bacteria, can be phosphorylated at both a conserved histidine and a conserved serine residue (Ser-46 

for the B. subtilis HPr). Histidyl phosphorylation is involved in the transfer of phosphoryl groups, 

ultimately to PTS sugars. Serine phosphorylation plays a role in catabolite repression and is catalyzed 

by an HPr(ser) kinase. HPr(ser) kinase activity is stimulated by the presence of metabolites such as 

fructose-1,6-bisphosphate and gluconate-6-phosphate (Saier et al., 1996). The phosphorylated form of 

HPr, HPr(ser-P), has been implicated in: (i) direct repression of sugar permeases, possibly via an 

allosteric binding mechanism; (ii) activation of sugar phosphatases as a prelude to inducer expulsion 

and (iii) direct repression of catabolic gene transcription. The latter is thought to occur as HPr(ser-P) 

interacts with a catabolite control protein {CcpA) of the GalR-Lacl family. CcpA in tum represses 

catabolic gene expression by binding to catabolite-responsive elements (CREs) present in the 5'

regions of regulated genes (Saier et al., 1996). It is worth noting that genes encoding CcpA-like 

proteins have been cloned from C. acetobutylicum P262 and C. beijerinckii NCIMB 8052 (Davison et 

al., 1995; Rafudeen, unpublished results, University of Cape Town, Microbiology Dept.). These 

genes and their gene products are currently under investigation. 
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1.2. GENERAL ASPECTS OF BACTERIAL SUCROSE UTILIZATION 

It has been suggested that bacterial sucrose utilization systems evolved by modular evolution, 

where individual genes sharing a common origin became independently associated into 

regulons and operons (Titgemeyer et al., 1996). Individual components common to bacterial 

sucrose utilization systems include: (i) sucrose transport systems, typically involving the PTS 

(ii) enzymes catalyzing sucrose hydrolysis, which may also be involved in the synthesis of 

glucans and fructans; (iii) ATP-dependent fructokinases and (iv) regulatory proteins, typically 

of the GalR-Lacl family of transcriptional regulators. A schematic representation of how these 

components are· involved in sucrose utilization is presented in Figure 1.3. The essential 

features of these components will be considered briefly. This will be followed by a more 

detailed analysis of well characterized bacterial sucrose utilization systems. Less common 

components of bacterial sucrose utilization systems, such as regulatory transcriptional 

antiterminator proteins, and non-PTS sucrose uptake systems, will be considered in the 

context of the systems in which they occur. 

External Sucrose 

,.---------~ Glucans 
[A]Glucosyltransferases +Fructose 

Fructans 
[B]Fructosyltransferases +Glucose 

~~------~Glucose 
[C]Invertases +Fructose 

-------+- [D] PTS dependent sucrose uptake 

Sucrose-6-phosphate 

[E] Sucrose-6-phosphate hydrolase 

Glucose-6-phosphate Fructose * [F) Fructokinase 

Fructose-6-.phosphate 

Fig 1.3 Schematic representation of typical bacterial sucrose metabolic pathways. [A] Extracellular sucrose may 
be hydrolyzed by glucosyltransferases with the subsequent production of glucans and free fructose. [B] 
Extracellular sucrose may be hydrolyzed by fructosyltransferases with the consequent formation of fructans and 
free glucose. [C] Extracellular sucrose may hydrolyzed by extracellular invertases yielding extracellular glucose 
and fructose. [D] Extracellular sucrose may be taken up by the PTS yielding intracellular sucrose-6-phosphate. 
(It should be noted that non-PTS sucrose uptake systems such as the E.coli EC3132 sucrose/Ir" symporter exist 
(Bockmann et al., 199.2)). [E] Sucrose-6-phosphate is hydrolyzed by a sucrose-6-phosphate hydrolase yielding 
glucose-6-phosphate and fructose. [F] Free intracellular fructose is then phosphorylated by a fructokinase. Many 
of the bacterial sucrose utilization systems studied to date are permutations of the generalized system outlined 
above. 
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1.2.1. The carbohydrate phosphotransferase system (PTS) and sucrose transport 

The PTS appears to be the most common system facilitating sucrose transport. The PTS 

catalyses the concomitant uptake and phosphorylation (group translocation) of its sugar 

substrates (PTS sugars), and has beet'l studied extensively (For reviews see Lengeler et al., 

1994; Saier and Reizer, 1992; Saier and Reizer, 1994; Postma et al., 1993). The PTS typically 

consists of the central components, Enzyme I and HPr (histidine-containing phosphocarrier 

protein), shared by several sugar specific membrane associated proteins (Enzyme II proteins). 

Enzyme II proteins typically consist of three domains EIIA, E.IIB and EIIC. Transport and 

phosphorylation of PTS sugars occurs as follows: PEP is the source of a phosphoryl group 

which is passed from PEP via Enzyme I, HPr, EIIA1
ugar, EIIB1ugar to the incoming sugar (Fig. 

1.4). The passage of the respective sugar through the membrane is facilitated by the integral 

membrane domain (EIICsugll). 

Cytoplasm 

PEP 

Pyruvate P-Enzymel HPr 

Peri plasm 

or 
Extracellular 

milieu 

[l] 

[2] 

Fig. 1.4 Organization of sucrose specific EIIScr proteins. The EIIScr proteins correspond to [1] those found in 
Streptococcus mutans, Pediococcus pentosaceus and Streptococcus sobrinus, where the EIIA EIIB and EIIC 
domains are fused to form EIIBCA Ser proteins and [2] those found in B. subtilis, Staphylococcus xylosus, Vibrio 
alginolyticus, Klebsiella pneumoniae, where only the EIIB and EIIC domains are fused to form EIIBCScr 
proteins. It should be noted that only sucrose-specific Ell proteins are considered here. For Ell proteins, specific 
for other sugars, several EIIA EIIB and EIIC domain combinations exist (After Postma et al., 1993) 
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Enzyme I proteins range between 65000-85000Da per monomer and autophosphorylate a 

conserved histidyl residue with PEP as the phosphoryl donor. HPr proteins range between 

9000 and 1 OOOODa and are phosphorylated, by the phosphorylated form of Enzyme I, at a 

conserved histidyl residue. In addition, HPr from low-GC Gram-positive bacteria can be 

phosphorylated at a conserved serine residue. The role of serine phosphorylation in the 

regulation of catabolite repression, was considered in section 1.1.5. 

The organization of EnzymeII protein domains varies, and may consist of a single fused 

protein or fused and unfused domains. In the case of sucrose-specific Enzyme II proteins, two 

varieties exist (Fig. 1.4). Those of S. mutans, P. pentosaceus and S. sobrinus, where the 

EIIA Ser EIIBScr and EIICScr domains are fused to form EIIBCA Ser proteins, and those of B. 

subtilis, V. alginolyticus, S. typhimurium, K. pneumoniae and S. xylosus where only the 

EIIBScr and EIICScr domains are fused, forming EIIBCScr proteins. In cases where EIIBCScr 

proteins exist, evidence has been presented suggesting that the EIIBScr subunit is 

phosphorylated by the EIIA o1c domain of the respective glucose PTS (Blatch, 1990; Lengeler 

et al., 1982; Sprenger and Lengeler, 1988; Sutrina et al., 1990). 

A two dimensional model for the K. pneumoniae EIIBCScr protein has been proposed, 

comprising of six transmembrane helices with three short periplasmic loops and three large 

intracellular domains (Fig. 1.5) (Titgemeyer et al., 1996). The N-terminal loop 1 corresponds 

to the EIIB domain, containing the highly conserved sequence (HCA TRLR). This conserved 

sequence includes the cysteine residue phosphorylated by a phosphorylated EIIA domain. 

Since this domain interacts with a soluble EIIA, loop 1 should be on the cytoplasmic side of 

the inner membrane and loop 2 on the periplasmic side. This is in agreement with the 

periplasmic location of a phoA (encoding alkaline phosphatase) fusion at residue 152 of the 

EIIBCScr of V. alginolyticus (Blatch et al., 1990). For unknown reasons, the residues of helix 1 

are highly conserved while the residues of the remaining helices are not (Titgemeyer et al., 

1996). Intracellular loop 5 contains a highly conserved histidine residue as well as a conserved 

GITE motif. Mutations which uncouple transport and phosphorylation are located on this loop 

and it has been suggested that it is involved in substrate binding, phosphorylation and perhaps 

substrate translocation (Lengeler et al., 1994). 
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Fig. 1.5 Two-dimensional model of the EIIBc5" of K. pneumoniae. The model is based on the comparison of 
seven functional EIIBc5" proteins from K. pneumoniae, S. typhinwrirun (encoded by plasmid pUR400). B. 
subtilis, V. alginolyticus, S. sobrinus, S. mutans and S. xylosus. Residues conserved in all EIIBCSC' proteins are 
highlighted in black boxes. Six putative transmembrane helices are boxed and numbered in Roman numerals (1-
VI). Cytoplasmic (1,3,S,7) and periplasmic (2,4,6) loops are numbered in Arabic numerals. The positions of the 
first and last residues in the helices are indicated. The numbering is for the EIIBCScr sequence from the K. 
pneumoniae sucrose utilization system. (Taken from Titgemeyer et al., 1996) 

1.2.2. Bacterial sucrose hydrolysis 

The P-fructofuranosidases of the glucosyl hydrolase family 32 constitute possibly the largest 

group of enzymes capable of sucrose hydrolysis. Examples are included from archaebacteria, 

eubacteria and eukaryotes (Henrissat, 1991; Henrissat and Bairoch, 1993; Henrissat and 

Bairoch, 1996; 'http: //expasy.hcuge.ch/cgi-bin/lists?glycosid.txt'). These enzymes catalyze 

the hydrolysis of terminal fructose moieties from fructose-containing disaccharides, 

trisaccharides and polymers, with varying specificity. Some examples such as levanases and 

inulinases, have increased specificity against high molecular weight fructose polymers (~(2-

6)-linked levans and PC2-l)-linked inulins), Others specifically hydrolyze low molecular 
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weight fructose containing sugars such as sucrose and raffinose. Within this group are 

sucrose-6-phosphate hydrolases associated with PTS-dependent sucrose utilization systems. 

These enzymes typically hydrolyze both sucrose and sucrose-6-phosphate, but have a 

significantly lower Km for sucrose-6-phosphate (Lunsford and Macrina, 1986; Thompson et 

al., 1991a; Schmid et al., 1982). 

Several bacterial enzymes catalyze not only sucrose hydrolysis, but additional reactions as 

well. Glucosyltransferases catalyze the hydrolysis of sucrose, with the formation of glucose 

polymers (glucans) and release of free fructose. The nature of the glucan synthesized differs 

depending on the glucosyltransferase involved and both water-soluble (predominantly a.(1-6) 

linked glucans) and water-insoluble (predominantly a.(1-3) linked glucans) are produced. 

Insoluble glucans are resistant to microbial degradation and in the case of oral streptococci, 

are thought to play a role in the colonization of smooth dental surfaces. Soluble glucans are 

susceptible to microbial degradation and are thought to provide an extracellular energy 

reserve. 

Fructosyltransferases catalyze the hydrolysis of sucrose with the subsequent production of 

high molecular weight fructose polymers. Depending on the enzyme involved, the individual 

residues of the polymer may be linked predominately by ~(2-6) bonds (levans) or ~(2-1) 

bonds (inulin). High molecular weight fructose polymers, like soluble glucans, serve as an 

extracellular energy reserve. 

Sucrose phosphorylases catalyze the simultaneous hydrolysis of sucrose and phosphorylation, 

using inorganic phosphate,·ofthe resulting glucose, to yield glucose-I-phosphate and fructose. 

Examples of sucrose phosphorylases have been identified in several bacteria, including S. 

mutans andLeuconostoc mesenteroides (Koga et al., 1991; Russell et al., 1988). 

1.2.3. Fructokinases associated with sucrose metabolism 

Kinases which catalyze the phosphorylation of sugars have been divided into three non

homologous families, referred to as the hexokinase, ribokinase and galactokinase families, 

based on differences in conserved sequence patterns (Bork et al., 1993). The ribokinase family 

has also been referred to as the pjkB family in the Prosite collection of sequence patterns, and 

therefore, the designation ribokinase/pjkB family will be used. Members of the hexokinase 

family have been included in what Titgemeyer et al. (1994), referred to as the 
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Repressor, ORF, Kinase (ROK) family. Therefore the designation ROK/hexokinase will be 

used. Fructokinase activity has evolved independently, by convergent evolution, in both the 

ribokinase/pjkB and the ROK/hexokinase families (Bork et al., 1993). Fructokinases from 

both families catalyze the same basic reaction (ATP + fructose -+ ADP + fructose-6-

phosphate) and examples from both families have been shown to be require the presence of 

divalent cations, usually Mg2+, for aetivity (Fennington and Hughes, 1996, Thompson et al., 

1992, Thompson et al., 1991b). 

Ribokinase/pjkB fructokinases, range in size between 307 and 33 laa and include several 

examples encoded within sucrose utilization regulons or operons (K. pneumoniae, S. 

typhimurium and V. alginolyticus) as well as examples encoded independently (Rhizobium 

leguminosarium andB. subtilis) (Aulkemeyer et al., 1991; Blatch et al., 1990; Fennington and 

Hughes, 1996; Yoshida et al., 1994). In addition, eukaryotic fructokinases from Beta vulgaris 

(GenBank accession U37838), Lycopersicon esculentum (GenBank accession U62329) and 

Solanum tuberosum (Smith et al., 1993) are members of the ribokinase/pjkB family. 

The ROK/hexokinase family includes fructokinases from: Zymomonas mobilis; P. 

pentosaceus; S. mutans; Fusobacterium mortiferum and Lactococcus lactis. In addition, a 

glucokinase from Streptomyces coelicolor and transcriptional repressor proteins from B. 

subtilis (XylR), S. xylosus (XylR) and E. coli (NagC) are included (Titgemeyer et al., 1994). 

It should be noted that the inclusion of fructokinases from F. mortiferum and L. lactis is 

tentative. They have been included here because the short N-terminal sequences available for 

these proteins are homologous to the N-terminal sequence of a ROK/hexokinase family 

fructokinase from S. mutans (Sato et al., 1993b ). 

ROK/hexokinase fructokinases range in size between 288 and 301aa and have been proposed 

to associate as dimers (Thompson et al., 1991b; Thompson et al., 1992). In the cases of P. 

pentosaceus, S. mutans and L. lactis, fructokinases are encoded by genes clustered in sucrose 

utilization regulons. In the case of Z. mobilis, the fructokinase encoding gene, frk, is not 

associated with a sucrose utilization regulon (Zembrzuski et al., 1992). In the case of F. 

mortiferum, complete sequence information is not yet available (Thompson et al., 1992). 

Although the transcriptional repressors and sugar kinases of the ROK/hexokinase family share 

extensive homology, they differ in that the repressor:s all have an 80aa N-terminal helix-tum-
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helix DNA binding domain. A parallel has been drawn between the evolution of 

ROK/hexokinase transcriptional repressors and the evolution of the GalR-LacI family of 

regulatory proteins. In the case of the GalR-LacI family, it has been proposed that the family 

arose as a result of the association of a periplasmic sugar binding protein with a helix-turn

helix DNA binding motif (Nguyen and Saier, 1996). In the case of the ROK/hexokinase 

transcriptional repressors, it was hypothesized that a hexokinase-like sugar kinase domain 

became associated with a helix-tum-helix DNA binding domain, yielding a family of sugar 

binding regulatory proteins (Titgemeyer et al., 1994). 

1.2.4. Features of the GalR-Lacl family of transcriptional regulators 

Transcriptional regulation by GalR-LacI family regulatory proteins constitutes the 

predominant mechanism regulating the expression of sucrose catabolic genes. The GalR-LacI 

family of transcriptional regulators was initially reviewed by Weickert and Adhya (1992), and 

has been more recently reviewed by Nguyen and Saier (1995). To date, more than 25 members 

have been identified and crystal structures have been determined for the Lael and purine 

biosynthesis (PurR) repressors of E. coli (Schumacher et al., 1994; Friedman et al., 1995). 

The members have a characteristic size of 320-341aa, except for the ScrR protein of V. 

alginolyticus which has been reported to be only 94aa in size (Blatch, 1990; Blatch and 

Woods 1991; Weickert and Adhya, 1992). All of the members have an N-terminal helix-tum

helix DNA binding motif and the remainder of the protein is involved in ligand binding, 

dimerization and, in the case of Lael, tetramerization. 

Operator sites for GalR-LacI regulators are typically imperfectly palindromic nucleotide 

sequences, with the central bases (M3N2C1/G1'N2'T3'T4') more highly conserved than outer 

bases (Weickert and Adhya, 1992). Regulatory dimers bind operator sites via their helix-turn

helix domains, with each subunit binding a half site. Regulation of gene expression is 

typically achieved by transcriptional repression where unliganded regulator dimers bind to 

operator sites downstream or within the promoters involved. Ligand binding ultimately results 

in a conformational change of the helix-tum-helix domain and dissociation of the 

regulator/DNA complex. It should be noted, however, that in some cases the liganded form of 

the regulator binds its operator site (e.g. E. coli PurR) (Schumacher et al., 1994). In addition, 

examples exist which are able to effect both transcriptional repression and activation, such the 

Catabolite Repressor/Activator (Cra) protein of Enteric Bacteria (Saier and Ramseier, 1996). 
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In this case, the position of the operator site relative to the respective promoter appears to 

determine whether Cra acts as a repressor or activator of transcription. 

As indicated above, the family is thought to have originated as a result of a fusion between a 

precursor of periplasmic sugar binding proteins and a helix-tum-helix DNA binding motif 

(Vartak et al., 1991; Tam and Saier, 1993; Nguyen and Saier, 1995). Phylogenetic tree 

construction for 25 sequenced GalR-Lacl family members, revealed twenty branches, all 

stemming from a point close to the center of the tree (Nguyen and Saier, 1995 ). This lead to 

the suggestion that shortly after the DNA binding domain became associated with the ligand 

binding domain, there was a marked pressure for gene duplication events, giving rise to the 

GalR-Lacl family. Subsequently, however, the members of the family appear to have evolved 

independently of one another with relatively few gene duplication events. It was also proposed 

that the highly conserved helix-tum-helix motif has diverged less from the primordial DNA 

binding sequence than ligand binding domains, which have diversified to bind a range of 

ligands (Nguyen and Saier, 1995). 

1.3. SUCROSE UTILIZATION SYSTEMS IN BACTERIA 

1.3.1 Bacillus subtilis 

Sucrose utilization by B. subtilis has been studied extensively (Kunst et al., 1990; Steinmetz, 

1993). Two pathways exist which are directly involved in sucrose metabolism. The first 

involves an extracellular fructosyltransferase (levansucrase/SacB). This enzyme catalyzes the 

hydrolysis of sucrose, and synthesis of levans (~(6-2)-linked fructose polymers with ~(1-2) 

branches) (Chambert and Gonzy-Treboul., 1976; Steinmetz et al., 1985). The second pathway 

involves an EIIBCscr protein (SacP), and a sucrose-6-phosphate hydrolase of the glucosyl 

hydrolase family 32. A third sucrose-hydrolyzing enzyme, a non-specific ~-D

fructofuranosidase (levanase/SacC), is also expressed (Kunst et al., 1990; Wanker et al., 

1995). Since the levanase is capable of hydrolyzing high molecular weight fructose polymers 

and is encoded as the distal gene in a fructose inducible fructose-PTS operon, it seems likely 

that its primary role would be in the metabolism of fructose polymers. For detailed studies on 

the fructose-PTSnevanase operon see Martin-Verstraete et al. (1990); Martin-Verstraete et al. 

(1994); Martin-Verstraete et al. (1995) and Sttilke et al. (1995). The remainder of this section 

will deal with the molecular structure and regulation of the B. subtilis sac genes, directly 

involved in sucrose metabolism. 
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The molecular organization of B. subtilis sac genes is well understood (Fig. 1.6). The 

fructosyltransferase (levansucrase/SacB) is encoded by sacB while the EIIBCScr protein (SacP) 

and the sucrose-6-phosphate hydrolase (SacA) are encoded by the sacPA operon (Gay et al., 

1983; Steinmetz et al., 1985; Fouet et al., 1986; Fouet et al., 1987). Expression of sacB is 

fully induced by sucrose concentrations higher than 30mM, while sacPA operon expression is 

induced by sucrose concentrations lower than lmM (Steinmetz et al., 1989). In addition, 

sacPA expression is subject to repression by glucose (Arnaud et al., 1992). Regulation in 

response to sucrose occurs predominately by transcriptional antitermination at ribonucleotide 

antiterminator (RAT)/terminator sequences (Debarbouille et al., 1990; Aymerich and 

Steinmetz., 1992; Rutberg, 1997). These sequences are located in the leader regions of the 

sacB and sacPA operons (Fig. 1.6 and Fig. 1.7). The SacT and SacY proteins are responsible 

for antitermination at the sacPA and sacB RAT/terminator sequences respectively. SacT and 

SacY are 48% identical to each other and 35% identical to the BglG antiterminator protein of 

E. coli (Debarbouille et al., 1990). The sacT gene lies upstream of the sacPA operon (Fig. 

1.6). The sacY gene is encoded as part of the sacXY operon where sacX specifies an EIIBCScr_ 

like protein with 56% identity to SacP (Zukowski et al., 1990). 
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Fig. 1.6 Structure of [A] the B. subtilis sacPA operon and adjacent sacT gene and [B] the sacB gene and unlinked 
sacXY operon. Solid arrows indicate transcriptional polarity and, where a single arrow extends over two genes, 
co-transcription is thought to occur. Dashed lines and arrows indicate regulatory relationships and roles of: (1) 
SacT as an antiterminator active at the sacPA RAT!ferminator complex; (2) the DegU/DegS signaling system in 
increasing transcription off the sacXY and sacB promoters; (3) SacX as a negative regulator of the 
antitermination activity of SacY and (4) SacY as an antiterminator at the sacB RAT/terminator complex. It 
should be noted that SacT and SacY also regulate sacXY transcription in response to sucrose. (Not drawn to 
scale. Adapted from Steinmetz, 1993) 
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Fig 1.7 [A] Sequence of sacB and sacPA RAT/terminator elements. Note that the terminator component overlaps 
the RAT element and that the sacB and sacPA RAT sequences differ in only three positions, indicated by bold 
text [B] Predicted secondary structure of the sacB and sacPA RAT elements. In each case the adjacent terminator 
is indicated by opposed arrows. After Aymerich and Steinmetz (1992) 

Mechanisms by which RAT/terminator sequences operate, have been proposed (Aymerich and 

Steinmetz., 1992). Both the RAT and adjacent terminator are predicted to form stem-loop 

structures (Fig. 1.7). The predicted RAT stem loop structures are usually substantially weaker 

(AG= -4 to -5 kcal/mol) than the adjacent terminator stem loop structures (AG= -18 to -30 

kcal/mol) (Aymerich and Steinmetz, 1992). It has been suggested that an activated 

antiterminator protein (SacY or SacT) stabilizes the RAT stem-loop in the nascent mRNA, 

precluding the formation of the terminator structure. In this state, full length transcripts are 

produced. In the absence of an activated antiterminator protein, the terminator structure would 

form, resulting in early transcription termination. 

As indicated above, the Sac Y and SacT proteins effect transcriptional termination at the sacB 

and sacPA RAT/terminator complexes respectively. However,.factors influencing SacY and 

SacT activity have not been completely characterized. Analogy with the homologous BglG 

antitermintor of E. coli suggests that phosphorylation/dephosphorylation may play a role 

(Rutberg, 1997). In the case of SacY, a single site is thought to be phosphorylated by the PTS 

via the EIIBCscr_like protein, SacX (Crutz et al., 1990; Rutberg, 1997). It seems likely that the 

availability of sucrose would determine the extent to which SacX phosphorylates SacY (Crutz 

et al., 1990). In the presence of sucrose, Sac~ would not phosphorylate SacY. The 

dephosphorylated form of Sac Y would be active and facilitate antitermination at the sacB 
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RAT/terminator sequence. In the absence of sucrose, SacX would phosphorylate SacY. The 

phosphorylated form of Sac Y would be inactive and early termination would occur at the sacB 

RAT/terminator sequence (Crutz et al., 1990). 

Factors affecting the regulation of SacT are slightly more complicated. Unlike SacY, it was 

demonstrated that an intact PTS was essential for in vivo activity of SacT (Arnaud et al., 

1992). Models developed suggested the presence of two phosphorylation sites (Rut berg, 1997; 

Arnaud et al., 1992). One of the sites would be analogous to that described for SacY above, 

modulating antitermination activity in response to sucrose concentration. The phosphoryl 

donor in this case has not been clearly identified. The other site would act as an 'activation' 

site and would be phosphorylated by the PTS proteins, Enzyme I and HPr. Recently, it was 

demonstrated that purified SacT could' .be phosphorylated, in vitro, by Enzyme I and HPr 

(Arnaud et al., 1996). However, the phosphorylation state of SacT did not affect its activity. 

Therefore, the precise role of HPr/Enzyme I mediated phosphorylation at an 'activation' site 

remains unclear. 

SacT and SacY are also involved in the induction of the sacXY operon, in response to sucrose 

(Crutz and Steinmetz, 1992). However, the mechanism involved is not entirely clear, since the 

RAT sequence identified ahead of the sacXY transcriptional start site, is some distance 

(lOObp) from the nearest transcriptional terminator structure. 

Mechanisms other than transcriptional antitermination are also involved in the regulation of 

sucrose metabolism in B. subtilis. Expression off both the sacB and sacXY promoters is 

induced by the DegU/DegS signaling system (Crutz and Steinmetz, 1992; Shimotsu and 

Henner, 1986). In addition, sucrose uptake appears to be regulated by a form of inducer 

exclusion. It has been demonstrated, in vitro, that the EIIBscr domain of SacP, is 

phosphorylated by the EIIAglucose domain of the EIICBAglucose protein (Sutrina et al., 1990). 

Furthermore, glucose was found to be preferentially phosphorylated over sucrose, in an in 

vitro milieu containing both carbohydrates. It would follow then that glucose may be 

preferentially transported over sucrose, as the EIIB domains of the corresponding Ell proteins 

compete for phosphorylated EIIAglucose (Sutrina et al., 1990). 
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1.3.2. Staphylococcus xylosus 

A PTS-dependent sucrose metabolic pathway has been studied in S. xylosus, a Gram-positive 

nonpathogenic bacterium, isolated from human skin (Briick:ner et al., 1993; Gering and 

Briickner, 1996; Wagner et al., 1993). It was established that PTS-dependent sucrose uptake and 

intracellular sucrose hydrolase activities were induced by the presence of sucrose and that sucrose 

hydrolase activity was repressed by glucose. Genes involved in sucrose metabolism include: scrA, 

encoding a 480aa EIIBCScr of the PTS; scrR, encoding a 320aa GalR-LacI family regulatory 

protein and scrB, encoding a 494aa sucrose-6-phosphate hydrolase of the glucosyl hydrolase 

family 32 (Fig. 1.8) (Gering and Briick:ner, 1996; Wagner et al., 1993). The scrA gene has a 

transcriptional start site 46 to 49bp upstream of its initiation codon and is not associated with the 

scrR and scrB genes. The scrR and scrB genes are clustered, with the termination codon of the 

scrR ORF 84bp from the start codon of the scrB ORF. Despite the proximity of the scrR and scrB 

genes, they are essentially independently transcribed (Gering and Briick:ner, 1996). 

Transcriptional start sites have been identified, 33bp upstream of the scrR ORF and 59bp in 

upstream of the scrB ORF. 
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Fig. 1.8 Molecular organization of the S. xylosus sucrose utilimtion system. The genes involved are essentially 
independently transcnbed, With transcriptional polarity indicated by solid mows. Dashed lines and arrows 
indicate regulatory relationships. In the absence of sucrose, ScrR prevents transcription of scrB and scr.A. by 
binding to the o. and the O.d/O.d1 operator sites. In the presence of sucrose ScrR is released from the operator 
sites and transcription proceeds. During the preparation of this dissertation the 140bp nucleotide sequence 
reported for the region downstream of scrB was analyzed. It was proposed that this region may encode a 
truncated nbokinase/pjkB family fructokinase, scrK. 

During the preparation of this dissertation, the 140bp nucleotide sequence, reported for the region 

downstream of scrB, was examined. The region specified a truncated protein (46aa), with an 

initiation codon overlapping the scrB termination codon. The deduced sequence had distinct 

homology with the N-terminal regions of ribokinase/pjkB family fructokinases (29.7% identity 

with the K. pneumoniae ScrK to 39.5% identity with a fructokinase from Solanum tuberosum). 

Furthermore, two domains, conserved in the N-terminal regions of ribokinase/pjkB family 

fructokinases, (GEALID) and (GGAPCNV A), were identified (see Chapter 2, Figure 2.12 for a 

multiple sequence alignment ofribokinase/pjkB family fructokinases). It would follow that a gene 

encoding a fructokinase lies immediately 
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downstream of scrB. By convention this gene would be designated scrK. If this analysis is 

correct, it would follow that the scr gene cluster consists of, not two, but three genes, scrR, 

scrB and scrK. 

The scrA, scrR and scrB genes have been individually disrupted in the genome of S. xylosus. 

The scrA gene was disrupted using transposon mutagenesis and the scrB and scrR genes were 

disrupted by insertion of the ermB gene into the respective ORFs. The scrA mutant was 

deficient in sucrose uptake while the scrB mutant was deficient in sucrose hydrolase activity. 

A residual sucrose hydrolase activity was, however, still present and ascribed to an a

glucosidase. (Bruckner et al., 1993; Wagner et al., 1993). The scrR mutant expressed sucrose 

uptake and sucrose hydrolase activity constitutively, suggesting that its gene product was a 

negative regulator of scrA and scrB expression (Gering and Bruckner, 1996). 

An imperfect inverted repeat, designated Os, was identified +6 to +2lbp relative to the scrB 

transcription initiation site, and proposed to be the site at which ScrR might act. An 

involvement of Os in scrB regulation was confirmed by a 4bp deletion derivative of this site, 

which resulted in constitutive expression of sucrose hydrolase activity (Gering and Bruckner, 

1996). Gel mobility shift assays demonstrated that purified ScrR specifically bound to DNA 

fragments containing the Os site, thereby confirming an interaction between ScrR and Os 

(Gering and Bruckner, 1996). It would follow that in vivo, transcriptional repression would 

occur as ScrR binds Os in the absence of sucrose. 

The precise inducer molecule resulting in the release of ScrR from Os was not identified. The 

authors did, however, indicate that native sucrose, as well as fructose and glucose and their 

phosphorylated derivatives failed to prevent in vitro binding of ScrR to Os. Although not 

tested, sucrose-6-phosphate would seem to be the most likely inducer molecule, given that 

sucrose would be present in this form after PTS-dependent transport (Gering and Bruckner, 

1996). 

Evidence has also been presented to suggest that the Os operator site, plays a role in glucose

mediated repression of scrB. This was evident in the strain carrying the 4bp deletion 

derivative of Os, where glucose-mediated repression of sucrose hydrolase activity was not 

detected. Gering and Bruckner ( 1996) noted that Os fits perfectly to the catabolite-responsive 
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element (CRE) consensus sequence reported by Hueck et al. (1994). This raised the possibility 

that a catabolite control protein (CcpA) may also exert an effect at OB. 

Transcription of the scrA gene is almost certainly also regulated by ScrR. Two OB-like sites 

0 Al and 0 A2 were identified in the scrA promoter region. 0 Al has three mismatches relative to 

OB and covers four bases of the predicted scrA -10 promoter region. OA2 differs at two 

positions from OB and is located between positions + 11 and +24 downstream of the scrA 

major transcriptional start point. Gel mobility shift assays demonstrated that ScrR bound to 

the scrA promoter region, but it was not established whether 0 Al or 0 A2 or both operator sites 

were involved. 

1.3.3. Streptococcus mutans, Streptococcus sobrinus, Lactococcus lactis and Pediococcus 

pentosaceus. 

A number of similarities exist between the sucrose PTS regulons of S. mutans, S. sobrinus, L. 

lactis and P. pentosaceus. Shared features include: a similarity in molecular organization; a 

similarity in scrA encoded EJI5C" structure; and an association with ROK/hexokinase family 

fructokinases. The similarities raise the possibility of a common evolutionary origin for these 

regulons. Sucrose utilization by these organisms will be considered individually, after which 

the common elements between their sucrose PTS regulons will again be emphasized. 

1.3.3.1. Streptococcus mutans and Streptococcus sobrinus 

S. mutans possesses multiple extracellular and intracellular sucrose metabolic pathways, and 

evidence has accumulated to indicate that extracellular sucrose metabolism plays a critical 

role in the formation of dental caries. Aspects of extracellular sucrose metabolism will be 

discussed first, after which intracellular sucrose metabolic pathways will be considered. The 

sucrose PTS regulon of S. sobrinus will also be briefly considered. 

Extracellular sucrose metabolism: Glucosyltransferases play a predominant role in 

extracellular sucrose metabolism. At least three glucosyltransferases, encoded by the gtfB, 

gtfC and gtfD genes are produced (Shiroza et al., 1987; Ueda et al., 1988; Honda et al., 1990). 

Homology between the gtf genes suggests that they share a common origin (Honda et al., 

1990). The gtfB and gtfC genes are arranged in tandem and constitute an operon while gtfD is 

not genetically linked to the gtfBC locus. GttB catalyzes the synthesis of water-insoluble 

glucans with glucose residues linked predominantly by a(l-3) bonds. GtfC catalyzes the 



33 

synthesis of glucans with varying solubility in water. GtfD catalyzes the synthesis of water-

soluble glucans with glucose residues linked predominantly by a(l-6) bonds. Water-insoluble 

glucans are thought to contribute to the dental plaque matrix and facilitate the colonization of 

smooth ~ental surfaces. Non-diffusing water-soluble glucans are thought to provide an 

extracellular energy reserve, important in the oral environment where sugar concentrations are 

likely to fluctuate. 

A fructosyltransferase, encoded by the ft! gene, is also involved in extracellular sucrose 

metabolism. The ft! gene specifies a protein with homology to the B .. subtilis levansucrase 

(Shiroza and Kuramitsu, 1988), but differs from the B. subtilis levansucrase in that it catalyzes 

the synthesis of PC2-1) linked fructose polymers (inulins ), rather than PC2-6) linked fructose 

polymers (levans ). Fructose polymers, like water-soluble glucans, are thought to act as an 

extracellular energy reserve. Fructans are most likely hydrolyzed by an exo-P-D fructosidase, 

encoded by the fruA gene (Burne and Penders, 1992; 1994 ). FruA is a member of the glucosyl 

hydrolase family 32 (Henrissat and Bairoch, 1993) and is capable of hydrolyzing sucrose as 

well as ~(2-1) and PC2-6) linked fructose polymers. 

Studies on the regulation of glucosyltransferase and fructosyltransferase activities have been 

complicated by several factors. At least three glucosyltransferases are produced. Therefore, 

activity attributable to a specific glucosyltransferase cannot easily be distinguished from 

overall glucosyltransferase activity. Furthermore, endodextranases are partly able to degrade 

glucans, while fructanases degrade fructans, with the consequence that total extracellular 

glucan and fructan synthesis may be underestimated. To overcome these difficulties, Wexler 

et al. (1993) constructed fusions between the cat gene (encoding chloramphenicol 

acetyltransferase) and the gtfBC and ft! genes. Using this system, the authors were able to 

demonstrate significant increases in CAT activity, for both gtfBC::cat and ftf::cat fusions, 

when sucrose was added to steady state cultures. An independent study has also reported 

sucrose induction of ftf::cat fusions (Kiska and Macrina, 1994). Clearly, mechanisms exist 

regulating the expression of gtfBC andft/in response to sucrose. 

It has been proposed that regulation of ft! expression is mediated at two inverted repeat 

structures, within 135bp of theft/initiation codon (Kiska and Macrina, 1994). Regulation at 

these sites is thought to be facilitated by the product of the frp gene, which lies immediately 

downstream and in the opposite orientation to ft! (Shiroza and Kuramitsu, 1988; Shibata and 
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Kuramitsu, 1996). Gel mobility shift assays have indicated that purified Frp was able to bind 

to the ft! promoter region, containing the two inverted repeat structures (Shibata and 

Kuramitsu, 1996). While these data suggest a role for Frp in the regulation of ft! expression, 

the factors modulating this regulation remain to be established. 

Possibly the most important aspect of extracellular sucrose metabolism, is the role it plays in 

dental decay (Loesche, 1986). This has been investigated using a gnotobiotic rat model and S. 

mutans strains carrying mutations in the gtf and ft! genes (Munro et al., 1995). S. mutans 

strains, unable to produce water-insoluble glucans, were depressed in the formation of smooth 

dental surface lesions (Munro et al., 1995). This indicated that water-insoluble glucans 

contributed to the formation of dental caries, possibly by facilitating the adhesion of cells to 

dental surf aces. The presence of water-soluble glucans and fructans may also play a role in the 

formation of dental caries. This may occur as monomers from these polymers are fermented, 

during periods of nutrient deprivation. This, in tum, would result in sustained acid production 

on dental surfaces. 

Intracellular sucrose metabolism: Only a small proportion of sucrose (<10%) is 

metabolized in the extracellular milieu (Loesche, 1986). The remainder is metabolized 

intracellularly. Intracellular sucrose metabolism is mediated by at least two systems: a high 

affinity PTS-dependent system (Km 70µM for sucrose) and a low affinity multiple sugar 

metabolism (msm) system (St. Martin and Wittenberger, 1979b; Tao et al., 1993). In addition, 

a trehalose-PTS system has been shown to transport sucrose (Km 250µM for sucrose) (Poy and 

Jacobson, 1990). The discussion which follows will focus firstly on the msm system and then 

on PTS-dependent sucrose metabolism. 

The msm system is involved in the uptake and initial metabolism of several sugars, including 

melibiose, raffinose, and isomaltosaccharides, and is induced by raffinose and melibiose. At 

the molecular level the msm system consists of eight genes: msmR, encoding a positive 

effector protein; aga, encoding an a-galactosidase; msmE, encoding a sugar-binding 

lipoprotein; msmF and msmG, encoding integral membrane proteins; gtf A, encoding a sucrose 

phosphorylase; msmK, encoding an ATP-binding protein and dexB, encoding a dextran 

glucosidase (Russell et al., 1992). Except for msmR, the remaining genes are present in the 

same orientation and are co-transcribed (McLaughlin and Ferretti, 1996). The sugar-binding 

lipoprotein MsmE is thought to reside on the cell surface, where it binds target sugars. Integral 
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membrane components MsmF and MsmG are involved in permitting sugar entry into the cell, 

while blocking exit. 

The msm was initially only thought to generate intracellular sucrose as a result of a

galactosidase activity on raffinose (galactose linked to sucrose) (Tao et al., 1993). 

Intracellular sucrose would then be metabolized by GtfA (sucrose phosphorylase), yielding 

glucose-I-phosphate and fructose. Evidence for a direct role in sucrose uptake, was suggested 

by the fact that sucrose was able to block 3H-melibiose transport by 70% (Tao et al., 1993). 

This was further substantiated by the finding that 14C-sucrose uptake was increased, on 

induction of the msm, in a sucrose PTS deficient strain. While these data suggested a role in 

sucrose uptake, it was proposed that the msm would have a low affinity for sucrose and would 

only play a part in the presence of high sucrose concentrations (Tao et al., 1993). 

A sucrose PTS system is likely to facilitate the utilization of sucrose present in low 

concentrations. Characterization of this system, at the physiological level, has revealed the 

presence of sucrose phosphotransferase, sucrose-6-phosphate hydrolase and fructokinase 

activities (St Martin and Wittenberger, 1979a; St Martin and Wittenberger, 1979b; Sato et al., 

1993b ). Sucrose phosphotransferase activity was found to be induced by sucrose while 

sucrose-6-phosphate hydrolase activity was constitutive (St Martin and Wittenberger, 1979a). 

Both sucrose-6-phosphate hydrolase and sucrose phosphotransferase activities were repressed 

in fructose-grown cultures. 

At the molecular level, the sucrose PTS regulon is encoded by the scrK, scrA, scrB and scrR 

genes (Fig. 1.9). The scr genes encode: a ROK/hexokinase family fructokinase (ScrK); an 

EIIBCA Ser protein (ScrA); a sucrose-6-phosphate hydro lase of the glucosyl hydro lase family 

32 (ScrB) and a GalR-Lacl family regulatory protein (ScrR) (Sato and Kuramitsu, 1988; Sato 

et al., 1989; Sato et al., 1993b; Titgemeyer et al., 1994; Henrissat, 1991; GenBank accession 

number: U46902). The scrA and scrK genes are transcribed divergently from the scrB and 

scrR genes. Sequence analysis revealed putative, E. coli-like promoters and ribosome

binding-sites for the divergent scrA and scrB genes (Sato et al., 1989; Sato and Kuramitsu, 

1988). The absence of a terminator-like structure after scrB suggested that scrB and scrR may 

be co-transcribed. The presence of a putative transcriptional terminator after scrA, as well as a 

putative promoter and ribosome-binding-site for scrK, suggested that these two genes may be 

independently transcribed (Sato et al., 1989; Sato et al., 1993b). A phosphomannose 
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isomerase encoding gene (pmz), was identified downstream of scrK (Sato et al., 1993a). 

Disruption of scrK reduced pmi activity, suggesting that scrK and pmi may be co-transcribed. 

Further experimental analysis is required to confirm the transcriptional organization of the S. 

mutans scr system. 

S.mutans 
pmi scrK scrA (EilBCA) scrB scrR 

~ :a .. I 
S.sobrinus scrK? scrA (EilBCA) scrB scrRfragment :a a'=l 

~ 

lkb 

Fig. 1.9 Organization of the S. mutans and S. sobrinus sucrose utilization regulons. Arrows indicate 
transcriptional polarities. Where a single arrow extends over two genes, co-transcription has been inferred from 
nucleotide sequence analysis. 

The expression of scrA has been studied using scrA::lacZ fusions (Sato et al., 1991). These 

studies demonstrated that extracellular sucrose induced scrA::lacZ expression, although the 

precise sucrose metabolite involved in the induction was not determined. It was also noted 

that glucose, fructose and maltose inhibited the induction of scrA:: lacZ by sucrose, while 

sorbitol and lactose did not. It is tempting to suggest that the scrR gene product is involved in 

the regulation of scrA expression, however, this remains to be experimentally established. 

A truncated sucrose PTS regulon has also been cloned from S. sobrinus (Chen et al., 1992). 

The scrA and scrB genes of this regulon encode an EIIBCA Ser and sucrose-6-phosphate 

hydrolase respectively, and are arranged identically to their equivalents in S. mutans (Fig. 1.9) 

(Chen et al., 1993). A truncated open reading frame lies immediately downstream of the S. 

sobrinus scrB gene and appears to encode a helix-tum-helix motif similar to that of the S. 

mutans ScrR (28aa identical amino acids over a 31 amino-terminal overlap). This suggests 

that, in S. sobrinus as in S. mutans, a gene encoding a regulatory protein lies immediately 

downstream of scrB. 

1.3.3.2. Lactococcus lacti.s 

Studies on sucrose utilization by Lactococcus lactis have revealed that the ability to utilize 

sucrose is associated with the production and resistance to the small protein antibiotic nisin 

(Gasson, 1984). It has been established that the traits for sucrose utilization and nisin 

production are encoded on transposons (Donkersloot and Thompson, 1990; Rauch and de 

Vos, 1992a; Rauch and de Vos, 1992b; Thompson et al., 1991a, Thompson et al., 199lb). The 
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Nisin-Sucrose transposons of L. lactis strains are approximately 70kb in size. They differ with 

regard to the nature of the nisin antibiotic produced and in their ability to conjugate to other L. 

lactis strains (Rauch and de Vos, 1992b; Rauch et al., 1994). Due to the 30% G + C content of 

the transposons as opposed to the 38% G + C content of the L. lactis genome, it has been 

proposed that the transposons originated outside the genus Lactococcus (Rauch et al., 1994). 

Sucrose utilization by L. lactis KI occurs via a typical sucrose PTS pathway. Sucrose transport 

yields intracellular sucrose-6-phosphate and this is hydrolyzed by a sucrose-6-phosphate 

hydrolase releasing glucose-6-phosphate and fructose (Thompson and Chassy, 1981 ). Free 

intracellular fructose is phosphorylated by a fructokinase yielding fructose-6-phosphate. The 

sucrose-6-phosphate hydrolase of L. lactis KI has been purified and was reported to have a 

relative molecular mass of S2,000 after ultracentrifugal analysis (Thompson et al., 199la). 

Although it was capable of hydrolyzing both sucrose-6-phosphate and sucrose, its Km for 

sucrose-6-phosphate (O. lmM) was significantly lower than its Km for sucrose (lOOmM). 

Two electrophoretically distinct fructokinases, fructokinase I and fructokinase II, have been 

identified for L lactis KI (Thompson et al., 199lb). Fructokinase I was found to be induced 

by growth on sucrose, while fructokinase II was detected during growth on ribose, galactose, 

maltose and lactulose. Fructokinase I was purified to electrophoretic homogeneity and found 

to be dimeric with a subunit size of 33.SkDa. The N-terminal sequence of purified 

fructokinase I was homologous to the S. mutans ROK/hexokinase family fructokinase (18 

identical residues out of 2Saa) (Sato et al., 1993b), suggesting that it too is a member of the 

ROK/hexokinase family. Fructokinase I was able to utilize a range of nucleoside triphosphates 

as phosphoryl donors, however activity was highest in the presence of ATP. Fructokinase I 

activity also required the presence of a divalent cation, with activity being highest in the 

presence of MgCh. 

Sucrose PTS regulons have been studied from L. lactis NIZO RS and L lactis Kl, where they 
-

are encoded on Tn5276 and Tn5306 respectively. The studies involved partial sequencing of 

the L lactis NIZO RS system and a Southern blot analysis of the L. lactis K 1 system (Rauch 

and de Vos, 1992a; Thompson et al., 1991a; 1991b). The southern blot analysis used DNA 

oligonucleotide probes, derived from the N-terminal sequences of fructokinase I (scrK probe) 

and the purified sucrose-6-phosphate hydrolase (scrB probe). In addition, a scrA probe was 
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prepared from a conserved region of EIIScr encoding genes. The analysis revealed that the scr 

genes were clustered in the order scrK, scrA, scrB (Thompson et al., 199lb) (Fig. 1.10) 

l.8kb fragment sequenced 
from L. lactis NIZO RS 

I I 
scrK scrA scrB scrR rr---1 ----1 r-----------. 

3.2kb transcript 3.6kb transcript 

lkb 

Fig. 1.10 Organization of sucrose utilization regulons from L. lactis transposons. The diagram was composed 
from the sequence of the Tn5276 scrB and adjacent DNA (Rauch and de Vos, 1992b), as well as a Southern blot 
analysis of the scrK, scrA and scrB genes of Tn5306 (Thompson et al., 1991 b ). Arrows indicate transcriptional 
polarity. Where a single arrow extends over two genes, transcriptional coupling has been inferred from Northern 
blot analysis (Rauch and de Vos, 1992b ). It should be noted that the exact position and orientation of scrK has 
not yet been established. 

A 1.8kb fragment, from the L. lactis NIZO RS system was sequenced. The fragment contained 

a scrB gene flanked by a truncated scrA and scrR (Fig. 1.10) (Rauch and de Vos, 1992a). The 

truncated scrR was present downstream and in the same orientation as scrB, while the 

truncated scrA was present upstream and in the opposite orientation. The scrB gene encoded a 

sucrose hydrolase, while the truncated scrA and scrR were proposed to encode an EIIScr 

protein and a GalR-Lacl-like regulatory protein respectively (Rauch and de Vos, 1992a). 

Transcription of the scrA and scrB genes was investigated by northern blot and primer 

extension analysis. Primer extension analysis revealed that scrA and scrB were transcribed off 

sucrose inducible promoters, positioned back-to-back, in the 180bp intergenic region. 

Northern blot analysis indicated that scrA was expressed on a 3.2kb transcript, while scrB and 

scrR were co-transcribed on a 3.6kb transcript The 3.2kb and 3.6kb transcripts were detected 

only in RNA extracted from sucrose-grown cells (Rauch and de Vos, 1992b). An imperfect 

palindrome (T 8G7 T 6C5A.A3G2CifG' 1 T' 2 T' 3 T' 4G' 5C' 6C' ,A' 8) was identified within the 

intergenic region between scrA and scrB. It is tempting to suggest that the scrR gene product 

regulates transcription of the scr genes at this site. However, experimental evidence for this 

has yet to be presented. 

1.3.3.3. Pedlococcus pentosaceus 

The adjacent sucrose and raffinose operons of P. pentosaceus have been cloned and ,. 

sequenced. This information is available as a nucleotide sequence submission (GenBank 
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accession number L32093). The sucrose PTS regulon consists of what are thought to be two 

transcriptional units with opposite polarities (K. Leenhouts personal communication). The 

first involves the scrB, scrR and agl genes, encoding a sucrose hydrolase of the glucosyl 

hydrolase family 32, a GalR-Lacl-like regulatory protein and an a-glucosidase respectively. 

The second transcriptional unit is thought to involve the scrA, agaS and scrK genes which 

most likely encode a PTS EIIBCA Ser protein, a putative a-galactosidase and a 

ROK/hexokinase family fructokinase respectively (Fig. 1.11 ). 

IS30-like 

a aR 

+---------· 
.-1!!?; 

scrA 
agaS (EllBCA) scrB scrR agl 

IS981-like 
element 

Fig. 1.11 Organization of the adjacent sucrose and raffinose operons from P. pentosaceus. Horizontal arrows 
indicate transcriptional polarity. Where a single arrow extends over two genes transcriptional coupling is thought 
to occur (K. Leenhouts personal communication). 

Transcription of the scrB-scrR-agl and scrA-agaS-scrK transcriptional units was found to be 

repressed by fructose but not by glucose (K. Leenhouts personal communication). Putative 

transcriptional terminators "flank the two transcriptional units, and these are in tum, flanked by 

IS elements similar to the E. coli IS30 and L Lactis IS98 l. This has lead to speculation that 

the regulon is located on a transposon (K. Leenhouts personal communication). The adjacent 

raffinose regulon, like the sucrose regulon, appears to consist of two transcriptional units with 

opposite polarities. The first transcriptional unit involves rafl' and agaR encoding a putative 

raffinose permease and a-galactosidase. The second transcriptional unit involves the rafR 

gene, which has homology to msmR activator of the S. mutans multiple sugar metabolism 

system. Further reported research is required to discuss this system in more detail. 

1.3.3.4. Similarities between the sucrose PfS regulons of S. mutans, S. sobrinus, P. 

pentosaceus, and L. 'lactis. 

As indicated at the beginning of section 1.3.3. the sucrose PTS regulons of S. mutans, S. 

sobrinus, P. pentosaceus and L lactis share several features. Indeed, Rauch and de Vos 

( 1992a) have already noted the similarities between the S. mutans and L. lactis systems and 

suggested a common origin for the two systems. The shared features are highlighted below. 

Molecular organization: In each case, the scrA and scrB genes are divergently transcribed 

and separated by between 180 and 256bp. In all cases, evidence has been presented suggesting 
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that a scrR gene, encoding a regulatory protein, lies downstream and in the same orientation 

the respective scrB. Similarities also exist in the positions of scrK genes. In the case of S. 

mutans, the scrK gene lies immediately downstream and in the same orientation as scrA. In P. 

pentosaceus, the scrK gene lies downstream and in the same orientation as the scrA gene, but 

is separated from it by a 2259bp region proposed to encode an a-galactosidase. In L. lactis, it 

was established that the scrK gene is associated with the scrA and scrB genes and lies 

downstream of scrA, however, its exact orientation and position remains to be established. 

The association of a scrK with the S. sobrinus system has not been established. 

Structure of EIIScr proteins: In the cases of S. mutans, S. sobrinus and P. pentosaceus, the 

scrA genes encode EIIBCA Ser proteins. In this respect the sucrose PTS systems of these three 

organisms are alike, and differ from the remaining systems, which are characterized by 

EIIBCScr proteins. Since the complete sequence of the EIIScr protein of L. lactis has not been 

reported, it could not be established whether an EIIBCScr or EIIBCA Ser protein was involved. 

Association with ROK/hexokinase family fructokinases: In the cases of S. mutans and P. 

pentosaceus, where the entire scrK genes have been sequenced, it has been established that the 

encoded proteins belong to the ROK/hexokinase family. In L. lactis, the N-terminal sequence 

of fructokinase I is homologous to members of the ROK/hexokinase family. The association 

of these systems with ROK/hexokinase family fructokinases, distinguishes them from other 

bacterial sucrose utilization systems, which are typically associated with ribokinase/pjkB 

family fructokinases. 

When considering a common origin for the regulons discussed here, it is important to note 

that the sucrose utilization systems of L. lactis strains are encoded on conjugative transposons 

and that these transposons have a GC content which differs from that of the L. lactis genome. 

This led to the proposal that the L. lactis sucrose/nisin transposons originated outside of the 

genus Lactococcus (Rauch and de Vos, 1992a). In the light of this, it must be noted that the 

sucrose utilization system of P. pentosaceus is flanked on one side by an E. coli IS30-like 

element and on the other by a L. lactis IS981-like insertion sequence. It has not yet been 

established whether the S. mutans and S. sobrinus sucrose utilization systems are encoded on 

transposons. Further investigation is required to clearly establish whether the sucrose PTS 

regulons of S. mutans S. sobrinus, L. lactis and P. pentosaceus do, in fact, share a common 

origin. 



41 

1.3.4. Salmonella typhimurium and KlebsieUa pneumoniae 

The conjugative plasmid pUR400, isolated from a clinical strain of S. typhimurium, encodes a 

sucrose PTS pathway (Titgemeyer et al., 1996). The sucrose PTS regulon carried by this 

plasmid is almost identical to the chromosomally encoded system of K. pneumoniae and both 

systems have been studied extensively (Aulkemeyer et al., 1991; Ebner, and Lengeler, 1988; 

Jahreis and Lengeler, 1993; Schmid et al., 1982, 1988, 1991; Sprenger and Lengeler, 1988; 

Titgemeyer et al., 1996). 

The sucrose PTS regulons of K. pneumoniae and pUR400 are unique, in that both encode 

sucrose-specific outer membrane porins (Forst et al., 1993; Hardesty et al., 1991; Schmid et 

al., 1991; Schulein et al., 1991). In both organisms, sucrose in the periplasmic milieu is 

further metabolized by typical sucrose PTS pathways. (Lengeler et al., 1982; Schmid et al., 

1982; Sprenger and Lengeler, 1988). At the molecular level the K. pneumoniae and pUR400 

systems consist of five clustered genes (Fig. 1.12). Gene designations for the systems are 

identical, with scrK, scrY, scrA, scrB and scrR encoding ribokinase/p.fkB family fructokinases, 

outer membrane sucrose porins, EIIBCScr proteins, sucrose-6-phosphate hydrolases and GalR

Lacl-like regulatory proteins respectively. The similarity between the systems is indicated by 

the high percentage of identical amino acids in the corresponding proteins viz: ScrK (76.7%), 

ScrY (86%); ScrA (95%), ScrB (76%) and ScrR (91%) (Aulkemeyer et al., 1991; Jahreis and 

Lengeler, 1993; Schmid et al., 1991; Titgemeyer et al., 1996). 

scr Y 0 2 scr Y 03 scrK01 

scrK scrY 

I tkb I 

scrA. (EIIBC) scrB scrR 

Fig 1.12 Molecular organization of the pUR400 and K. pneumoniae sucrose utilization systems. Solid arrows 
indicate transcriptional polarity. Where a single arrow extends over several genes, transcriptional coupling is 
thought to occur. Dashed lines/arrows indicate established regulatory relationships. ScrR binds to the operators 
(scrK;,1, scrY02 and scrY03) in the absence of fructose or fructose-1-phosphate, preventing transcription of the 
respective genes. 

Three physiological promoters have been identified in the sucrose PTS regulons of K. 

pneumoniae and pUR400. These are those of scrK, scr Y (facilitating expression of the scr YAB 

operon) and scrR (Cowan et al., 1991; Hardesty et al., 1991; Jahreis and Lengeler, 1993; 
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Schmid et al., 1991 ). A putative cyclic AMP receptor protein binding site, was identified 

immediately upstream of scr Yin both the pUR400 and K. pneumoniae systems, as well as in a 

highly similar plasmid encoded system from Salmonella thompson (Cowan et al., 1991; 

Jahreis and Lengeler, 1993). 

Regulation of the K. pneumoniae and pUR400 systems is mediated by the respective ScrR 

proteins. ScrR operator sites are identical for the two systems, with one operator site lying 

upstream of the respective scrK gene (scrKo1) and two operator sites lying upstream of the 

respective scrY gene (scrY02 and scrY03) (Fig. 1.12) (Jahreis and Leng.eler, 1993). Gel mobility 

shift assays have confirmed that the ScrR proteins bind to regions of DNA containing the 

scrK01 and scr Y0203 operator sites (Jahreis and Lengeler, 1993). Furthermore, it has been 

demonstrated that the binding of ScrR proteins to the respective operators is reversed by the 

presence of fructose and fructose-I-phosphate, implicating these metabolites as inducers 

(Jahreis and Lengeler, 1993). In this regard it is intriguing that ScrR proteins respond to a 

sucrose metabolite present after sucrose hydrolysis, rather than to sucrose-6-phosphate itself. 

As a result, the systems are induced in environments containing fructose, even when sucrose 

is not present (Schmid et al., 1982; Sprenger and Lengeler, 1988). 

1.3.S. Escherichia coli 

Laboratory strains of E. coli are typically unable to metabolize sucrose, however, several 

sucrose metabolizing E. coli strains have been isolated. In two isolates E. coli EC3132 and E. 

coli B-62, sucrose catabolic genes appear to be chromosomally encoded, while in a third 

clinical isolate, the traits for sucrose utilization appear to be encoded on a transposon 

designated Tn2555 (Bockmann et al., 1992; Doroshenko et al., 1988; Tsunekawa et al., 1992). 

The most well studied of these systems is the chromosomally encoded system of E. coli 

EC3132, which will be the focus in this review. 

A physiological analysis of sucrose metabolism by E. coli EC3132 indicated that sucrose was 

taken up by a non-PTS mechanism, followed by hydrolysis by a sucrose hydrolase and 

phosphorylation of fructose by a fructokinase ,.(Boclanann et al., 1992). It was also 

demonstrated that sucrose uptake, sucrose hydrolase and fructokinase activities were induced 

by the presence of sucrose. At the molecular level, the system has been cloned and sequenced 

and consists of four clustered genes: cscA, encoding a 477aa sucrose hydro lase of the glucosyl 

hydrolase family 32; cscR, encoding a 331aa GalR-Lacl-like regulatory protein; cscK, 
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encoding a 305aa ribokinase/p.fkB family fructokinase and cscB, encoding a 415aa sucrosem+ 

symporter (Fig. 1.13) (csc is a mnemonic for chromosomally coded sucrose genes). A cscB 

promoter was not identified suggesting that it may be co-transcribed with the adjacent cscK 

(Boclanann et al., 1992). 

cscB 
permease 

lkb 

cscK cscA cscR 
fructokinase sucrose hydrolase repressor 

I L_ ...... 
Fig 1.13 Organization of the chromosomally encoded sucrose utilization regulon of E. coli EC3132. Arrows 
indicate transcriptional polarities of the respective genes. Where a single arrow extends over two genes, 
transcriptional coupling has been inferred from nucleotide sequence analysis. 

The most unique feature of the E. coli EC3132 system, is that it involves a sucrosem+ 

symporter. CscB has been classified as a member of the major facilitator superfamily, 

containing antiporters, uniporters and W symporters (but not Na+ symporters) (Marger and 

Saier, 1993). More specifically, CscB is a member of Cluster 5 of this family which contains 

oligosaccharidellr symporters, including the lactose permeases of E. coli, K. pneumoniae and 

Citrobacter freundii, and the raffinose permease of E. coli. The members of the major 

facilitator superfamily are thought to have a characteristic structure involving 12 

transmembrane a-helices connected by hydrophilic loops, a structure which has been 

specifically proposed for CscB (Boclanann et al., 1992). 

Regulation of the csc gene cluster is mediated by CscR. In this respect, CscR is most likely a 

negative regulator of cscA and cscKB transcription, since a mutation in cscR resulted in 

constitutive expression of sucrose hydrolase, sucrose uptake and fructokinase activities 

(Bockmann et al., 1992). It has been reported that within the GalR-Lacl family, CscR has 

evolved independently of other ScrR proteins (Nguyen and Saier, 1995). This may reflect a 

situation in which the different GalR-Lacl regulatory proteins, involved in sucrose 

metabolism, respond to different sucrose metabolites. In this regard, it should be noted that in 

E.coli EC3132, sucrose enters the cell in its native form, while in organisms where sucrose is 

transported via the Pl'S, the product of sucrose transport is sucrose-6-phosphate. 

1.3.6. Vibrio alginolyticus 

A typical sucrose Pl'S system has been characterized for a halotolerant, collagenolytic V. 

alginolyticus strain (Blatch, 1990; Blatch et al., 1990; Blatch and Woods, 1991; Scholle et al., 
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1987; Scholle et al., 1989). It has been established that sucrose hydrolase activity expressed 

by this organism is intracellular, and that both sucrose hydrolase and sucrose uptake activities 

are induced by sucrose and repressed by glucose (Scholle et al., 1987). Cloning and 

sequencing of the sucrose utilization system from V. alginolyticus, revealed the presence of 

five clustered genes (Fig 1.14). These include: scrR, encoding a 94aa regulator of the GalR

Lacl family; scrA, encoding a 479~ EIIBc&:r protein; scrK, encoding a 307aa fructokinase of 

the ribokinase/pjkB family and scrB, encoding a 484aa sucrose hydrolase of the glucosyl 

hydrolase family 32. In studies where the system was expressed in E. coli, sucrose transport 

was reported to be dependent on the presence of functional E. coli EIIA o1c. This suggested that 

an EIIA olc/Scr equivalent, in V. alginolyticus, may act as a phosphoryl donor for EIIBScr (Blatch, 

1990). 

ORFS scrR 

•• 
lkb 

scrA (EIIBC) scrK scrB 

Fig 1.14 Organization of the V. alginolyticus sucrose utilization regulon. Arrows indicate 
transcriptional polarity. Where a single arrow extends over two genes, transcriptional coupling has 
been inferred from nucleotide sequence analysis. However, experimental evidence for this has not 
been reported 

Nucleotide sequence analysis revealed putative E. coli-like promoters upstream of scrR, scrA, 

and scrK, with no promoter-like sequences identified between scrK and scrB. The fact that the 

putative scrK promoter was not well conserved, lead to the suggestion that the scrA, scrK and 

scrB genes may be co-transcribed (Blatch, 1990). Cyclic AMP receptor protein binding sites 

were not identified in the V. alginolyticus system, which is curious, given the fact that the 

traits for sucrose utilization were repressed by the presence of glucose. Catabolite repression 

may act at other levels, possibly involving inducer exclusion, as a result of competition for a 

shared EIIA Ser/Ole. 

The deduced ScrR protein is a particularly unusual member of the GalR-Lacl family, in that it 

is approximately one third the size of the remaining members CW eickert and Adhya, 1992). 

The role of the scrR gene product, in the regulation of the V. alginolyticus sucrose utilization 

system, was investigated by deletion analysis of the system cloned into E. coli (Blatch and 

Woods, 1991 ). In plasmids where the system remained intact, regulation in response to 

sucrose was observed. However, in plasmids carrying a truncated scrR, expression of sucrose 
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hydrolase activity became constitutive, indicating that the ScrR protein is a negative regolator 

of at least the scrB gene. Two putative repressor-binding sites were identified in the intergenic 

region between the scrA and scrR genes, and these may be the sites at which ScrR acts (Blatch 

and Woods, 1991). 

1.3.7. Zymomonas mobilis 

Z. mobilis, a Gram-negative facultative anaerobe, has attracted interest due to its ability to 

produce ethanol at a high yield with glucose, fructose or sucrose as a carbon source (Ingram et 

al., 1989). Sucrose utilization has been studied in several strains of Z. mobilis viz: Z. mobilis 

Z6C; Z. mobilis ZM 1; Z. mobilis CP4. A sucrose PTS has not been identified for these strains 

and sucrose hydrolyzing activity, is localized primarily in the periplasm or extracellular milieu 

(Mortatte et al., 1983; Preziosi et al., 1990; O'mullan et al., 1991). Extracellular sucrose is 

either metabolized to form high-molecular-weight fructose polymers (Park et al., 1993) or is 

hydrolyzed, with glucose and fructose entering cells via a carrier-mediated diffusion system 

(Di Marco and Romano, 1985). Three genes involved in sucrose metabolism, and their 

corresponding products, have been characterized. The genes specify: an extracellular 

fructosyltransferase, catalyzing levan synthesis; an extracellular 'sucrose hydrolase', which 

appears to be a mutated fructosyltransferase; and an intracellular sucrose hydrolase. Each will 

be discussed below. 

A fructosyltransferase encoding gene levU has been cloned from Z. mobilis ZM 1 and a 

corresponding protein has been purified from Z. mobilis Z6C (Song et al., 1993; Yanase et al., 

1992). The first 19 N-terminal amino acid residues of the purified fructosyltransferase were a 

perfect match with the deduced LevU. Five relatively well conserved domains were identified 

between the deduced LevU and fructosyltransferases from B. subtilis and S. mutans. In 

addition, the levU gene conferred a sucrose-positive phenotype and transfructosylation activity 

onE. coli. 

Identical genes, thought to encode the extracellular 'sucrose hydrolase', have been cloned by 

two groups from Z. mobilis ZM1, and designated sacC and invB (Kannan et al., 1995; Song et 

al., 1994). The sacC/invB gene was found to lie immediately downstream of levU and its 

deduced product was found to be homologous to LevU. However, the sacC/invB gene product 

was unable to catalyze transfructosylation reactions. It appears, therefore, that the sacC/invB 

gene arose as a result of a duplication of levU, followed by a mutation preventing 
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transfructosylation but leaving sucrose hydrolase activity unaffected (Kannan et al., 1995). It 

must be emphasized, however, that conditions conducive to trans:fructosylation by this 

enzyme may not yet have been identified. 

Genes thought to encode intracellular sucrose hydrolases have been cloned by two groups. 

The gene isolated from Z. mobilis ZM1 was designated sacA while the gene isolated from z. 
mobilis Z6C was designated invA (Gunasekaran et al., 1990 and Yanase et al., 1991). The 

genes isolated by the two groups are virtually identical and encode P-D-:fructofuranosidases of 

the glucosyl hydrolase family 32. The role of the intracellular sucrose hydrolase is obscure, 

since most sucrose hydrolysis occurs extracellularly and sucrose uptake systems have yet to 

be identified. 

1.4. AIMS OF THIS STUDY 

The systems discussed above provide a background against which studies on sucrose 

utilization by C. beijerinckii NCIMB 8052 can be presented. C. beijerinckii is a member of a 

taxonomic group of solventogenic clostridial strains, specifically selected for their ability to 

ferment molasses, in ABE fermentations (section 1.1.1) (Keis et al., 1995). This implies that 

efficient sucrose utilization systems exist. However, until recently, sucrose metabolism by 

these strains has remained essentially unstudied. This provided the impetus for the work 

reported in this dissertation. The objective of the study was to provide an understanding of 

sucrose utilization by C. beijerinckii, at both the molecular and physiological levels. At the 

molecular level, the initial aim was to clone and characterize genes involved in sucrose 

metabolism. The transcriptional regulation of these genes and their roles in sucrose 

metabolism could then be examined. At the physiological level, the aim was to examine how 

sucrose metabolism was regulated in response to supplied carbohydrates. The work represents 

the first comprehensive study of a sucrose utilization system, from a saccharolytic 

solventogenic clostridial strain. 
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2.1. SUMMARY 

The sucrose utilization system of C. beijerinckii NCIMB 8052 was cloned in three stages. In 

the first stage a C. beijerinckii genomic library was screened for plasmids conferring a 

sucrose-positive phenotype on E. coli. Using this approach, a plasmid designated pCBS 1 was 
, 

isolated and found to carry a 6.8kb insert of C. beijerinckii chromosomal DNA. Preliminary 

sequence analysis indicated that the insert contained a truncated sucrose utilization gene 

cluster. The remainder of the sucrose utilization gene cluster was cloned in the second and 

third stages by plasmid rescue and inverse PCR respectively. 

The C. beijerinckii sucrose utilization system was found to contain four closely linked genes, 

designated scrA, scrR, scrB and scrK. On the basis of homology studies, scrA was proposed to 

encode an EIIBCscr protein of the PTS, scrR, a regulatory protein of the GalR-Lacl family of 

transcriptional regulators, scrB, a sucrose-6-phosphate hydrolase of the glucosyl hydrolase 

family 32 and scrK, a fructokinase of the ribokinase/pflcB sugar kinase family. The putative 

protein products of the scrA, scrB and scrK genes would specify a typical PTS-dependent 

sucrose metabolic pathway. The presence of the scrR gene suggested that sucrose metabolism 

would be regulated. 
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2.2. INTRODUCTION 

Despite the fact that solventogenic clostridial strains were used extensively in molasses-based 

ABE fermentations, sucrose metabolism by these strains remained largely unstudied. This 

provided the impetus for the present study, which aimed to provide a molecular and physiological 

characterization of sucrose utilization by a solventogenic clostridial strain. C. beijerinckii 

NCIMB 8052 was selected since it is amenable to genetic manipulation and represents a group of 

strains widely used in molasses-based ABE fermentations (Kies et al., 1995). 

Well characterized bacterial sucrose utilization systems were reviewed in the general introduction 

(section 1.3). From the review, it is clear that PTS-dependent sucrose metabolic pathways are 

common. These pathways are typically encoded as regulons or operons, present on transposons or 

plasmids, or on the chromosome of the respective organism. Sucrose PTS regulons have been 

isolated from several bacterial species, by screening genomic libraries for clones conferring a 

sucrose-positive phenotype on E. coli. Common laboratory strains of E. coli have been used, 

where the development of a sucrose-positive phenotype required the simultaneous isolation of a 

sucrose transport system and a sucrose hydrolase (Scholle et al., 1987; Li and Ferenci, 1996). The 

requirement for a sucrose transport system has also been avoided by screening for raffinose 

fermentation in E. coli strains unable to metabolize galactose (Bruckner et al., 1993; Lunsford 

and Macrina, 1986). In these cases, raffinose was internalized by the LacY permease and cleaved 

by an a.-galactosidase, yielding intracellular galactose and sucrose. A positive fermentation 

phenotype was dependent on the presence of an enzyme catalyzing the hydrolysis of sucrose. 

The tendency for sucrose catabolic genes to be clustered, raised the possibility that an entire C. 

beijerinckii sucrose utilization gene cluster could be cloned in one step. If this was not achieved, 

chromosome walking would most likely yield additional genes involved in sucrose metabolism. 

Sequence analysis would then provide an indication of the molecular organization of the 

components involved, while the identification of genes encoding putative regulatory proteins 

would allow for the development of hypotheses about regulation. Therefore, as a starting point for 

this project, it was decided to clone and sequence sucrose catabolic genes from C. beijerinckii. 

This chapter describes the steps taken to isolate the C. beijerinckii sucrose utilization (scr) gene 

cluster and presents its subsequent sequence analysis. 
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2.3. MATERIALS AND METHODS 

2.3.1. Bacterial strains, plasmids and culture conditions 

A laboratory spore stock of C. beijerinckii NCIMB 8052 was maintained in distilled water at 4 ° C. C. 

beijerinckii was routinely cultured using Clostridial Basal Medium (CBM) (O'Brien and Morris, 

1971). CBM liquid medium was cooled to approximately 50°C after autoclaving and transferred to an 

anaerobic cabinet with a gas phase of 5% H2 , 10% C02 and 85% N2 (Forma Scientifica Inc., 

Marietta, Ohio, USA). CBM broths were typically inoculated with a 1/1000 volume of heat shocked 

spores (70°C for 3 minutes) and cultured at 37°C. CBM agar plates, solidified with agar (1.5%, w/v), 

were prepared under aerobic conditions and then preincubated under anaerobic conditions for at least 

12 hours before use. Where appropriate, erythromycin was used at a final concentration of 10µg.m1·1
• 

E. coli JM109 (Yanisch-Perron et al., 1985) was used for all cloning purposes and was routinely 

cultured, at 37°C, on Yeast Tryptone (YT) or Luria-Bertani (LB) medium (Sambrook et al., 1989). 

YT and LB media were solidified with agar (1.5%, w/v) as appropriate. MacConkey agar medium 

(Difeo Laboratories, Detroit, USA), supplemented with either sucrose (1 %, w/v) or lactose {l %, w/v), 

was used to assess carbohydrate fermentation phenotypes. Ampicillin (100µg.ml' 1
) and kanamycin 

(100µg.ml· 1
) were included in media where appropriate. 

Plasmids used for subcloning and sequencing of the C. beijerinckii sucrose utilization system include 

the M13-deri~ed Bluescript SK plasmid (pSK) (Stratagene, La Jolla, California, USA), pEcoR251 

(Zabeau and Stanley, 1982), and pACYC177 (Chang and Cohen, 1978). In addition, chromosomally 

integrated derivatives of plasmid pMTL30 (Williams et al., l 990b) were recovered from the genome 

of C. beijerinckii CBSCRB. The construction of C. beijerinckii CBSCRB is discussed in Chapter 4, 

sections 4.3.2 and 4.4.2. Further strain and plasmid details are supplied in Appendices A and B. 

2.3.2. General DNA manipulation and Southern blot hybridization analysis 

Competent E. coli cells were prepared by rubidium chloride treatment, as described by Armitage 

et al. (1988). Plasmid DNA was extracted and purified from E. coli using the Nucleobond® AX 

KIT (Macberey-Nagel, Germany). T4 DNA ligase and DNA restriction endonucleases were 

obtained from Boehringer Mannheim and were used according to the manufacturer's 

recommendations. Where DNA fragments with incompatible ends were to be ligated, protruding 

5' and 3' ends were first converted to blunt ends, . using Kienow fragment 
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and T4 DNA polymerase, as described by Sambrook et al. (1989). Both Kienow fragment and 

T4 DNA polymerase were obtained from Boehringer Mannheim. 

Gel electrophoresis of DNA was conducted in agarose gels (0.8%, w/v), using a Tris-Acetate 

EDTA buffer as described by (Sambrook et al., 1989). For Southern blot analysis, DNA 

fragments were separated by agarose gel electrophoresis and capillary blotted with 0.4M 

NaOH onto positively charged nylon membranes (Amersham). Non radioactive DIG-labelled 

probes were prepared using the Boehringer Mannheim DIG random primer labelling kit 

(catalog number: 1175033). Hybridization and detection of DIG-labelled probes was 

conducted according to standard protocols supplied by Boehringer Mannheim. 

2.3.3. C. beiJerinckii genomic DNA extraction 

One litre C. beijerinckii CBM cultures were grown to an OD600 of 0.4 units and cells were 

harvested by centrifugation (7min at 15000g). Cells were resuspended in a 20ml volume of 

CBM containing: 10% (w/v) sucrose; 12.5mM MgC12; 12.5mM CaC12 and 5mg.mr1 lysozyme 

(Boehringer Mannheim). After anaerobic incubation at 37°C for 1 hour, SDS and EDTA were 

added to a final concentration of 2%(w/v) and 1 OOmM respectively, bringing the total volume 

of the mixture to 27ml. A 20ml volume of hot phenol (50°C), equilibrated with O.lM Tris

HCl (pH 8), was added and mixed gently. The aqueous phase was recovered by centrifugation 

(10 minutes at 12000g) and extracted, firstly with one volume of chloroform:iso-amyl alcohol 

(24: 1 v/v) and then with one volume of water-saturated ether. RNA was removed using 

ribonuclease A (Sigma Chemical Company, St. Louis, Missouri). Chromosomal DNA was 

precipitated using isopropanol (Sambrook et al., 1989). The DNA pellet was resuspended in 

distilled water and stored at 4 ° C. 

2.3.4. Construction and screening of a C. beljerinckii genomic library 

C. beijerinckii chromosomal DNA was partially digested with Sau3AI and subjected to 

agarose gel electrophoresis. Portions of the gel containing DNA fragments between 5kb and 

l lkb were excised and the DNA fragments were recovered using the Geneclean® ill kit (Bio 

101 Inc.). The recovered DNA fragments were ligated into the Bgm site of the positive 

selection vector pEcoR251 and transformed into E.coli JM109. Transformants were screened 

for sucrose-positive colonies on MacConkey agar plates containing 1 % (w/v) sucrose and 

ampicillin (1 OOµg.ml- 1
). 
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2.3.S. Recovery of integrated plasmids from the C. bel}erincldi genome 

During the study, a C. beijerinckii strain was constructed carrying a pMTL30 derivative 

integrated into the scrB gene. Details of this are provided in Chapter 4, sections 4.3.2 and 

4.4.2. Chromosomal DNA adjacent to the scrB gene, was isolated by recovery of the 

integrated plasmid. The specific details of the plasmid recovery strategy are presented in the 

results and discussion (Fig. 2.4). The technical aspects of the plasmid recovery are presented 

below. 

Genomic DNA was isolated from the C. beijerinckii strain carrying chromosomally integrated 

copies of a pMTL30 derivative. The isolated DNA was digested with Hindill, and the 

resulting fragments were self-ligated (lOng DNA per 30ul ligation reaction). E. coli cells were 

transfonned with the self-ligated fragments and transformants were screened for ampicillin 

resistance on YT agar medium containing ampicillin (1 OOµg.ml- 1
). 

2.3.6. PCR amplification of DNA from the C bel}erinckil genome 

An inverse PCR strategy, as described by Sambrook et al. (1989), was used to amplify the 5'

region of the C. beijerinckii sucrose utilization system. The specific details of the inverse PCR 

strategy used in this study are presented in the results and discussion (Fig. 2.5). The technical 

aspects are presented below. 

The strategy involved the digestion of C. beijerinckii chromosomal DNA with Xmnl, followed 

by self-ligation of the digested fragments (200ng DNA per 50ul ligation reaction). Self-ligated 

chromosomal DNA fonned the template on which PCR was carried out. Two primers, primer 

a (5'-TATTATAGGTACAAATACATCTCC) and primer b (5'

ATATGTGAGCGAAGAAAATGC) were used for inverse PCR. Their positions relative to 

the C. beijerinckii sucrose utilization system are indicated in Figures 2.5 and 2.6. The 

following optimized PCR regime was used for 30 cycles: Step 1, template denaturation at 

96°C for 30 seconds; Step 2, primer annealing at 50°C for 30 seconds and Step 3, strand 

elongation at 70°C for 90 seconds. PCR reactions were conducted using a OmniGene 

thennocycler (Hybaid, Middlesex, UK) and Taq DNA polymerase (Advanced 

Biotechnologies Ltd., U.K.). The amplified fragment was cloned into the Smal site of the low 

copy number vector pACYCl 77. 
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2.3.7. Exonuclease m digestion and nucleotide sequencing. 

Overlapping nested deletions were generated in DNA to be sequenced, by Exonuclease ill 

digestion (Henikoff, 1984). Double-stranded templates were sequenced by the dideoxy chain 

termination method of Sanger et al. (1977). Initially, sequencing was conduced using the 

Sequenase kit version (2.0) (U.S. Biochemical Corp., Cleveland, Ohio) and [35S]-dATP. 

Subsequently, sequencing was conducted using the Sequitherm™ kit (Epicentre Technologies, 

Madison, USA) using CY-5TM labeled M13 primers and an OmniGene thermocycler (Hyband, 

Middlesex, UK). 

The 5' -region of the C. beijerinckii sucrose utilization system was sequenced using primer a 

(described above) and primer c (5' -CATATGAATAGGGAGG). Their positions relative to the C. 

beijerinckii sucrose utilization system are indicated in figure 2.5. Where primers a and c were 

used, sequencing was conducted using the AutoRead TM sequencing kit .(Pharmacia Biotech), in 

conjunction with CY-5 TM labelled dATP(Pharmacia Biotech). Where CY-5 TM label was used, 

nucleotide sequence was resolved using an Alfexpress™ automated DNA sequencer (Pharmacia 

Biotech). 

Amino acid identities and similarities between protein sequences were determined using the 

BESTFIT component of the Genetics Computer Group (GCG) sequence analysis package. The 

minimum free energy of RNA stem loop structures was determined using the FOLD component 

of GCG (Zuker and Stiegler, 1981). Multiple sequence alignments were conducted using the 

PILEUP component of GCG. Protein hydrophobicity analysis was conducted according to the 

algorithm of Kyte and Doolittle (1982), as implemented in the DNAMAN sequence analysis 

package (Lynnon Biosoft, Vaudreuil, Canada). Phylogenetic analysis was conducted using the 

ClustalW program of Thompson et al. (1994), and the results were rendered using the TreeView 

software package (R.D.M. Page, 1996, Institute of Biomedical and Life Sciences, University of 

Glasgow) 

2.3.8. DNA-directed cell-free protein synthesis. 

Plasmid encoded proteins were investigated using an E. coli DNA-directed cell-free 

transcription/translation system (Promega, Madison, USA). The manufacturer's protocol was 

followed throughout. The proteins were labeled with L-[35 S]methionine and resolved on 12% 

SOS-PAGE gels as described by Laemmli (1970). The in vitro translated proteins were visualized 

after SOS-PAGE electrophoresis by autoradiography. Molecular weight standards were obtained 

from Pharmacia Biotech 
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2.4. RESULTS AND DISCUSSION 

2.4.1. Isolation and preliminary sequence analysis of the truncated scr gene cluster 

The initial aim of the study was to clone sucrose catabolic genes from C. beijerinckii. This was 

initially achieved by screening a C. beijerinckii genomic library for clones conferring a sucrose

positive phenotype on E. coli. This lead to the isolation of a truncated sucrose utilization (scr) 

gene cluster, which was then subjected to a preliminary sequence analysis. 

The C. beijerinckii genomic library constructed in pEcoR251, was transformed into E. coli 

JM109 and transfonnants were screened on sucrose MacConkey agar plates for sucrose 

fermenting clones. After a 36 hour incubation period, a single red colony was identified out of 

approximately 3000 colonies screened. The plasmid isolated from this colony was designated 

pCBS 1 and was found to contain a 6.8kb insert (Fig. 2.1 ). In order to clone the sucrose utilization 

system on a smaller fragment more suitable for sequence analysis, the insert in pCBS 1 was 

digested with several restriction endonucleases and subcloned into pSK. A 3kb Seal subclone was 

found to confer a sucrose-positive phenotype on E. coli and the corresponding plasmid was 

designated pCBS2 (Fig. 2.1). Sucrose hydrolase assays confirmed that pCBS2 conferred sucrose 

hydro lase activity on E. coli. A study of the sucrose hydro lase activity is reported in section 3 .4.1. 

To characterize the gene encoding the sucrose hydrolase and identify other closely linked genes, 

the insert in pCBS2 was sequenced. This revealed the presence of a truncated open reading frame 

(ORF) followed by two complete ORFs (Fig. 2.1). The ORFs w~e present in the same orientation 

as the one another and the pSK lac promoter. The truncated ORF specified a protein with 

homology to members of the GalR-Lacl family of transcriptional regulators (e.g. 31.8% amino 

acid identity with the S. xylosus ScrR; full details are supplied in Table 2.2) and a preliminary 

designation scrR was assigned. The ORF following scrR specified a protein with homology to 

sucrose hydrolases of the glucosyl hydrolase family 32 (e.g. 35.6% amino acid identity with the 

B. subtilis SacA. Full details are supplied in Table 2.3) and a preliminary designation scrB was 

assigned. The ORF following scrB specified a protein with homology to ri~kinase/pjkB family 

fructokinases (e.g. 36.9% amino acid identity with a fructokinase from Beta vulgaris. Full details 

are supplied in Table 2.4) and a preliminary designation scrK was assigned. No ORFs were 

detected in the 300 bases of sequence downstream of the scrK gene. Therefore it appeared that a 

truncated scr gene clusterhad been cloned, consisting of three genes viz: a truncated scrR and 

complete scrB and scrK genes. 
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A gene specifying a protein involved in sucrose transport, was not. present on the insert in 

pCBS2. This was surprising, since pCBS2 was able to confer a sucrose-positive phenotype on 

E. coli. It is possible that during the 36 hour incubation period required for the sucrose

positive phenotype to develop, some cell lysis occurred, releasing the cloned sucrose 

hydrolase. Extracellular sucrose hydrolysis would have released glucose and fructose and 

utilization of these sugars would have resulted in a positive fermentation phenotype. 
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Fig. 2.1 Relationship between subclones of the C. beijerinclcii sucrose utilization system. Transcriptional 
polarities are indicated by solid arrows. pCBS 1 was isolated from a C. beijerinclcii genomic hlmry, by its ability 
to confer a sucrose-positive phenotype on E. coli. It contains a 6.8kb insert of C. beijerlnclcii chromosomal DNA 
cloned into the unique BgID site of pEcoR251. pCBS2 was constructed by cloning the 3kb Seal fragment from 
the insert in pCBSl into the unique EcoRV site of pSK. pCBS3 was recovered from the genome of a C. 
beijerinclcii strain CBSCRB, carrying multiple copies of a pMTL30 derivative integrated into the scrB gene. It 
contains the 3.2kb region of C. beijerinclcii DNA extending from Hindlll (a) to Ndel (b) cloned into the Hindlll 
and Stul sites of the pMTL30 multiple cloning site (The strategy for the recovery of pCBS3 is illustrated in 
Figure 2.4). pCBS4 was constructed, first by amplifying a 1.2kb fragment containing the 5'-region of scrA by 
inverse PCR and then cloning this fragment into the unique Smal site in pACYCl 77 (The inverse PCR strategy 
is illustrated in Figure 2.5). 
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2.4.2. Southern blot analysis of the scrB and scrK genes 

Before continuing to isolate the remainder of the C. beijerinckii sucrose utilization system, a 

Southern blot analysis was conducted to confirm that C. beijerinckii DNA had indeed been 

cloned. This was achieved by hybridizing DIG-labeled DNA probes prepared from the cloned 

scrB and scrK genes against genomic DNA from C. beijerinckii (Fig. 2.2). In addition, genomic 

DNA from C. acetobutylicum NCP262 was included in the analysis, since this strain was used 

extensively in molasses-based ABE fermentations implemented by National Chemical Products 

(South Africa) and it was hypothesized that a similar sucrose utilization system might be present. 

The scrB and scrK probes hybridized to C. beijerinckii genomic fragments of 435 and 420bp 

respectively, indicating that the insert in pCBS2 originated from C. beijerinckii. No hybridization 

was detected against C. acetobutylicum NCP262 DNA. This result serves to emphasize the 

difference between these two species, which until recently were thought to be members of single 

species. However, it should be noted that the hybridizations were conducted under stringent 

conditions and it is entirely likely that under less stringent conditions scrB and scrK equivalents 

would have been identified for C. acetobutylicum NCP262. 

~ ~ 
pCBS2 (insert) 

scrB 

[Panel 1] [Panel 2] 

A B C A B C 

435b ~ F --.;.... p C .. 420bp 

Fig. 2.2 Southern blot analysis of the scrB and scrK genes. Dig-labelled DNA probes were prepared from a 435bp 
Ndel fragment internal to scrB and a 420bp HindIIIJHindlI fragment internal to scrK. 
Panel 1: The scrB probe was hybridized against DNA digested with NdeI. The three lanes represent pCBS2 DNA 
(lane A), C. beijerinckii chromosomal DNA (lane B) and C. acetobutylicum NCP262 chromosomal DNA (lane C). 
Panel 2: The scrK probe was hybridized against DNA digested with HindIII and Hindll . The three lanes represent 
pCBS2 DNA (lane A), C. beijerinckii chromosomal DNA (lane B) and C. acetobutylicum NCP262 chromosomal 
DNA (lane C). 
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2.4.3. Analysis of translation products produced by pCBS2. 

The translation products of pCBS2 and its derivatives were investigated using an E. coli DNA

directed cell-free transcription/translation system. In the case of pCBS2, two proteins were produced, 

corresponding to proteins encoded by its 3kb insert (Fig. 2.3). The molecular weights of these two 

proteins, determined after PAGE analysis, were 53.2kDa and 32kDa respectively. As regions 

corresponding to the scrK ORF were deleted, so the 32kDa protein was replaced by consecutively 

smaller proteins (Fig. 2.3, lanes 2 to 4). As regions corresponding to the scrB ORF were deleted, so 

the 53.2kDa protein was replaced by consecutively smaller proteins (Fig. 2.3, lanes 4 and 6). This 

indicated that the scrB and scrK genes encoded proteins, with molecular weights approximating the 

values calculated for the deduced ScrB (57128Da) and ScrK (34297Da) proteins. It is intriguing that 

the 53.2kDa protein corresponding to the scrB gene product became visible only after scrK had been 

almost entirely deleted (compare lanes 1 and 4 in Fig. 2.3 .). However, the significance of this result is 

questionable given the fact that it was observed using an E. coli derived in vitro 

transcription/translation system. 
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Fig. 2.3 [A] Illustration of inserts in pCBS2 ( l) and derivatives generated by exonuclease III digestion (2-6). [B] 
Autoradiogram of polyacrylarnide gel showing translation products of plasmids 1 to 6 (Plasmid and lane 
numbers correspond). Translation products were generated by in vitro coupled transcription-translation and 
separated by polyacrylarnide gel electrophoresis, as indicated in methods. 
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2.4.4. Isolation of the complete scrR gene by plasmid rescue. 

Screening of the C. beijerinckii plasmid library resulted in the isolation of a scr gene cluster 

containing a truncated scrR gene. A thorough analysis of the gene cluster required that the 

entire scrR gene be cloned and sequenced. In concurrent work, reported in Chapter 4, sections 

4.3.2 and 4.4.2, a C. beijerinckii strain (CBSCRB) was constructed carrying multiple copies of 

a pMTL30 derivative integrated into the scrB gene. The existence of this strain provided for 

the rapid isolation of the complete scrR gene, by recovery of the integrated plasmid. The 

integrated plasmid was recovered by digesting genomic DNA from C. beijerinckii CBSCRB 

with Hindlli, self-ligating the digested fragments and screening for self-ligated fragments 

conferring ampicillin resistance on E. coli (Fig. 2.4). Only cells transformed with self-ligated 

chromosomal fragments, containing previously integrated plasmids, would replicate and 

confer ampicillin resistance on E. coli. The recovered plasmid, containing the adjacent 

chromosomal DNA, was designated pCBS3 (Fig. 2.1 and 2.4). 

Sequence analysis of the insert in pCBS3 indicted that the complete scrR gene had been 

isolated. In addition, however, a second truncated ORF was identified upstream and in the 

same orientation as scrR. This ORF specified a protein with homology to EIIBCscr PTS 

proteins (Table 2.1.) and a preliminary designation scrA was assigned . 
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Fig. 2.4 Plasmid recovery strategy used to clone the complete scrR gene. (A) Chromosomal DNA was isolated 
from a C. beijerinckii mutant strain CBSCRB carrying multiple copies of a pMTL30 derivative integrated into the 
scrB gene. (B) The isolated DNA was subject to restriction endonuclease digestion with HindIII. (C) The digested 
DNA was self-ligated and transformed into E. coli JMI09. Cells carrying self-ligated regions of DNA containing 
derivatives of pMTL30 were selected on YT agar plates containing ampicillin. The recovered plasmid, containing 
adjacent chromosomal DNA, was designated pCBS3. 
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2.4.5. Isolation of the 5'-region of the scrA gene by inverse PCR. 

In order to conduct a comprehensive analysis of the scr gene cluster, it was necessary to clone and 

sequence the entire scrA gene. Attempts were made to clone scrA using partial HindIII digests of C. 

beijerinckii CBSCRB DNA, and the plasmid recovery strategy outlined above. While plasmids 

equivalent to pCBS3 were readily recovered, regions further upstream were never obtained. This 

suggested that the region upstream of the scr genes contained a DNA motif or encoded a protein that 

was lethal when transformed into E. coli. Such an observation has been made for the sucrose 

utilization system of L. lactis, where the promoter region of the scrB gene was found to be unstable 

when cloned on high copy number plasmids in E. coli (Rauch and de Vos, 1992b ). Maintenance of the 

L. lactis scrB promoter could, however, be achieved on low copy number plasmids in E. coli. It has 

also been noted that overexpression of membrane-bound PTS proteins may be lethal to host cells 

(Lengeler et al., 1994). This has been specifically observed for the P. pentosaceus scrA gene, which 

was unstable when cloned in E. coli (K. Leenhouts pers. comm.). In the light of this, an inverse PCR 

strategy was developed to amplify the 5' -region of the scrA gene and clone it on a low copy number 

plasmid (pACYCl 77). The details of the inverse PCR strategy are indicated in Figure 2.5. Sequencing 

of the fragment recovered by inverse PCR, using primers a and c, revealed that the 5 '-region of the 

scrA ORF had been cloned. 

~ 
~ 

~ 
scrA 

-::: 
~ 

scrR scrB scrK 
I (A) 

-----~ - :-~ ---.. ~~ <=ia br:::::::>', 

(B) 

(C) 

I 
I 
I 
I 
I 

~D 
<=ia be:::::> 

(D) be:::::> ~a 
cc:::::> 

!kb 

Fig. 2.5 Inverse PCR strategy used to clone the 5'-region of the scrA gene. (A) & (B) C. beijerinckii 
chromosomal DNA was isolated and digested with Xmnl. (C) & (D) The digested DNA was self-ligated and 
used as a template for PCR reactions. This resulted in the amplification of a l.2kb fragment containing the 5'
region of scrA and adjacent upstream DNA. The amplified PCR product was cloned into the unique Smal site of 
pACYCl 77, yielding plasmid pCBS4. Short open arrows correspond to the approximate positions of primers a, 
band c. Primers a and b were used for inverse PCR. Primer a was used to sequence the 5'-region of the scrA 
gene, in one direction. This sequence was used to prepare primer c, which was used to sequence in the opposite 
direction. 
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2.4.6. Nucleotide sequence analysis of the complete scrARBK gene cluster. 

Having cloned and sequenced all four scr genes, it was possible to conduct a comprehensive 

sequence analysis. The scrA, scrR, scrB and scrK genes were clustered and present in the 

same orientation on the C. beijerinckii genome. As indicated above, scrA was proposed to 

encode an EIIBCSc:r protein, scrR, a GalR-Lacl family regulatory protein, scrB, a sucrose 

hydrolase and scrK, a fructokinase. The largest intergenic region was present between the 

scrA and scrR genes, which were separated by 190bp (Fig. 2.6). The scrR and scrB genes 

were. separated by only 26bp, while the putative termination and initiation codons of the scrB 

and scrK genes overlapped. Attempts to identify promoters within the sequenced DNA, 

resulted in the identification of two putative promoters, both of which were similar to E. coli 

a 70 and clostridial consensus promoter sequences (Young et al., 1989). The first putative 

promoter (TTGACA-Nl8-TATCAT) was present from -51 to -80bp upstream of the proposed 

scrA initiation codon. The second putative promoter (TTGACA-N17-TATATT) was 

identified from -129 to -155bp upstream of the proposed scrK initiation codon, within the 

scrB ORF. Promoters have previously been identified within the 3'-regions of scrB genes, as 

is the case with the scrR promoter of the pUR400 sucrose utilization system (Jahreis and 

Lengeler, 1993). Putative promoters were not identified upstream of the scrR and scrB genes. 

Attempts to identify potential transcriptional terminators resulted in the identification of a 

stem loop structure 21bp to 59bp downstream of the proposed scrK termination codon (-15 

kcal/mol) (Zuk:er and Stiegler, 1981) (Fig. 2.6). The presence of this structure immediately 

downstream of the last gene of the scr gene cluster is consistent with the proposal that it acts 

as a transcriptional terminator. Putative transcriptional terminators were not identified 

between the individual genes of the scr cluster, suggesting that they may be transcribed as an 

operon. This hypothesis was further investigated by Northern blot analysis (section 4.4.1.). 

Putative ribosome-binding-sites were identified for each of the scr genes. The sites are: (5 ' -

AGGAGG) 8bp upstream of the putative scrA initiation codon; (5'-TGGAGG) 5bp upstream 

of the putative scrR initiation codon; (5'-AGGAGA) 9bp upstream of the putative scrB 

initiation codon and (5' -AGGAGT) 7bp upstream of the putative scrK initiation codon (Fig. 

2.6). Clearly, for the scrA, scrB and scrK genes, putative ribosome-binding-sites are separated 

from their initiation codons by 7 to 9bp. In the case of the scrR gene, however, the equivalent 
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distance is only Sbp. Vellanoweth and Rabinowitz (1992) demonstrated that for B. subtilis, 

translational yield can be substantially reduced if the spacing between a ribosome-binding-site 

and initiation codon is less than 6bp. Therefore it is possible that the sub-optimal spacing 

between the putative scrR ribosome-binding-site and initiation codon, may play a role in 

limiting the amount of ScrR translated. 

It was proposed that scrR specifies a transcriptional regulator of the GalR-Lacl family. It was 

therefore of interest to identify potential sites at which the scrR gene product might act. GalR

Lacl family regulators typically act at imperfectly palindromic operator sequences centered 

around a (A.A3N2C1/G' 1N' 2 T' 3 T' 4) consensus (W eickert and Adhya, 1992). An imperfect 

palindrome (G~s.A.iA3A2C1/G'1G'2T'3T'4T'sC'6) was identified between the putative scrA 

promoter and initiation codon, as might be expected for an ·operator site (Fig. 2.6). However, · 

further experimental analysis is required to establish whether this site is involved in the 

regulation of scr gene transcription. In this regard, it is also important to note that GalR-Lacl 

family regulators other than the scrR gene product may regulate scr gene transcription. More 

specifically, catabolite control proteins (CcpA), which are members of the GalR-Lacl family, 

have been characterized for several low-GC Gram-positive bacteria (Saier et al., 1996). It is 

entirely possible that a CcpA equivalent exists in C. beijerinckii, which could act at 

palindromic operator sites within the scr gene cluster. 



-10 
1 TTATATAATTTATTATTTAGGTAAAAAACGTA~TTATATATGGAAC~_!!!:!!ATTAACATGIUAACGDft' 80 

. SD • -----><---
81 K'CGAGGTTAATTGAAT'l'!!!!!!!!GGACAT'l'AA'l'CMAGGAACAAATAGTAGCAAAAGAAATTCTAGAGAATATTGGTGGA 160 

scr&->M K E Q I v A K E I L E N I G G 

161 AAAGAAAATATAAAATCAGTAGAACATTGTGCAACTAGATTAAGACTTATACTTAATGATAAGGAAAAAATAAATGAAAA 240 
K E N I K S V E H C A T R L R L I L N D K E K I N E K 

241 AGCTATTGAAAATATTGATGGTGTAAAAGGACAAT'l"l'TTCTCGGCAGCGCAATACCAAATAATTCTTGGAACAGGATTTG 320 
A I E N I D G V K G Q F F S A A Q Y Q I I L G T G F V 

321 TAAATGAAGTTTATGATGTCATAGTTGGACAAAATTCTGACTTAGTAACTGGAAATAATAAAGAGGAAGCTTATAGCCAA 400 
N E V Y D V I V G Q N S D L V T G N N K E E A Y S Q 

itr:laer a 
. 3 '-CC'fe'l'ac&'l'U&C&'l'GQl.'l'&ft&'l'-S' 

401 ATGACATTAATTCAAAAAATATCTAGAACT'l"l'TGGAGATGTATTTGTACCTATAATACCAGTATTAGTTGCAACAGGTTT 480 
M T L I Q K I S R T F G D V F V P I I P V L V A T G L 

481 GTTTATGGGACTAAGAGGTCT'l"l'TGACAAATCTAGGAGTTCAAATGAATGAGAATTTTGTTCTCTTTACTCAAGTATTAA 560 
F M G L R G L L T N L G V Q M N E N F V L F T Q V L T 

561 CAGATACTGCT'l"l'TGCATTT'l"l'ACCAGCATTAGTTGCATGGTCAACCATGAAAAAGT'l"l'GGAGGTACACCAGTAATAGGT 640 
D T A F A F L P A L V A W S T M K K F G G T P V I G 

641 ATAGTAATAGGATTAATGCTCGTATCACCAAGT'l"l'ACCAAATGCTTATGCTGTGGCAGCGGGAACAGCAACGCCAATTAA 720 
I V I G L M L V S P S L P N A Y A V A A G T A T P I N 

721 TCTAACTATACTAGGATTAAATATTCCTGTAGTTGGATACCAAGGATCTGTATTGCCAGCATTAGTATTAGGAATTATTG 800 
L T I L G L N I P V V G Y Q G S V L P A L V L G I I A 

801 CAGCTAAAACTCAAAAGGCACTTAAGAAAGTAGTTCCAGATGTATTGGATCTAATAGTAACTCCATTTATTACATTATTA 880 
A K T Q K A L K K V V P D V L D L I V T P F I T L L 

881 TTTTCAATGGTACTAGGATTATTAATAGTTGGGCCAATTATGCATAATGCTGAGCAATTAATAT'l"l'GGAGCAATCAAAGG 960 
F S M V L G L L I V G P I M H N A E Q L I F G A I K G 

961 ATTCATGGGGCTTCCAT'l"l'GGATTAGGTGGACTAGTTGTAGGAGGAGTACATCAACTTATAGTTGTTACTGGAGTTCACC 1040 
F M G L P F G L G G L V V G G V H Q L I V V T G V H H 

1041 ATGCATTAAATGCTTTAGAAGTTGAATTACTATCCAGCACAGGAAAAGATGCATTTAATGCAATGATAACTTGTGGTATT 112G 
A L N A L E V E L L S S T G K D A F N A M I T- C G I 

1121 GTAGCACAAGGTGCGGCAGCTTTAGCAGTAGCCGTCAAAACAAAAGATAAAAAGAAGCGCTCATTATATATTTCATCGGC 1200 
V A Q G A A A L A V A V K T K D K K K R S L Y I S S A 

1201 AATTCCAGCATTT'l"l'AGGTATTACTGAACCAGCAATATTTGGTGTTAACTTGAGATTCATAAAGCCATTTATAT'l"l'GGAT 1280 
I P A F L G I T E P A I F G V N L R F I K P F I F G C 

1281 GTGCAGGAGGAGCAGTTGGAGGGATGCTTTCAGGAATACTTCACCTAGCAGGTACAGGAATGGGAATTACAGCATTACCA 1360 
A G G A V G G M L S G I L H L A G T G M G I T A L P 

1361 GGTATGCTATTATATGTGAACAATCTTGGAAGTTACATTTTAGTTAACGTTGTGGCTATAGCGGTTGCTTT'l"1'GTTTAAC 1440 
G M L L Y V N N L G S Y I L V N V V A I A V A F C L T 

1441 ATTGTTCTTCTTCAAGCCAGAAGAA'l'&QGAATAATAATAAATATTTAGATGAATTACAGATAGATTTAGTAGGGATAATT 1520 
L F F F K P E E * 

1521 TTGCTTGCTAAATCTATCAAGCTATATAAAGTTATATTTTATATATTAATATCCATATAAGTTTATAAGTTATCTTTTCA 1600 
8D 

1601 ATAATATGTATTAATGATATATAATAATATTTATATAAAACATATA'l'GQ&GQATAAT&'l'GGATCGAAAAGTCACAATTCA 1680 
---8cd->M D R K V T I Q 

itr:laer b 
s•-&'l'&~'l'G 

1681 AGATATTGCTAATATGGTTAATGTTTCAAAGAGTAGTGTTTCTAGATATTTGAATAATGGATATGTGAGCGAAGAAAATG 1760 
D I A N M V N V S K S S V S R Y L N N G Y V S E E N A 

c-3' 
1761 CTAAGAAGATAAAAGAAGCGATTGAAAAGACCGGATTTGAAACTAATTTTTTTGCAAAGAGATTAAAGACTAllf!..1111.llAGT 1840 

K K I K E A I E K T G P E T N F F A K R L K T K K S 

1841 GGATTAGTTGGAATTGTAATTCCTAGAATCGATTC'l'GTTACAATAGGCAAAGTATTAACTGGTATCAATAAAAAATTAAT 1920 
G L V G I V I P R I D S V T I G K V L T G I N K K L M 

1921 GGAAAATGATTATCAAGGAATTAT'l"l'TGATCAGTGAATTAGATATAGAGAAAGAACTAGCAAACATTAATAGCCTTTATC 2000 
E N D Y Q G I I L I S E L D I E K E L A N I N S L Y Q 

2001 AGCAAGGGGTTGATGGAATAATCATTAATTCTATGGCTATTACTAAAAAGCATATTCAATTAATTAGTAGGCTTAGTATT 2080 
Q G V D G I I I N S M A I T K K H I Q L I S R L S I 

Fig. 2.6 Nucleotide sequence of the scr gene cluster. Full legend appears on page 64 

62 



2081 CCAACTATATTTACAGGAC}._a._a._a._a._a..ATGAGTTTACTAATTATATAAAGATAGATGATTATGAAGCAGGAAAAATACTTGG 
P T I F T G Q K N E F T N Y I K I D D Y E A G K I L G 

2161 AAGTTATTTTAAATCTAAGGGGCATAAAAATATAGTGl"l"l"l'TAGGAGTAAATGAATGGGATATAGCAGTAGGAGTGGATC 
S Y F K S K G H K N I V F L G V N E W D I A V G V D R 

2241 GTAAAAATGGATTCATTGATGCTGTGAAGAAAGATAATCCAGATTGTAATGTTCAATTTGTTGAAACTGATTTTTCATTT 
K N G F I D A V K K D N P D C N V Q F V E T D F S F 

2321 ACTAATGCATACAGTAAGGCTAGCCAGATATTAGAATATAAGCCCACAGCAATAGTTTGTGCAACTGATAATATTTGTTT 
T N A Y S K A S Q I L E Y K P T A I V C A T D N I C L 

2401 AGGAGTACTTAGATATTTACATGAAAATAATATTAAAGTTCCAGAAGAAATTTCAGTAGCTGGATTTGGAGGATATGATA 
G V L R Y L H E N N I K V P E E I S V A G F G G Y D I 

2481 TAGGAAGTGTTTCATACCCTACACTTACAACAGTAGCTTTTGATTATGAATTAAT'l'GGTATAAAAGCAGCTCAAGGAATC 
G S V S Y P T L T T V A F D Y E L I G I K A A Q G I 

2561 CTAGATTTAATAGAGGGAAAAGAGTTAGAAGAGAATAAGGATACTTCCTTGAAGCTAATAGAAAGAGAAAGTGTGGGTGG 
L D L I E G K E L E E N K D T S L K L I E R E S V G G 

SD 
2641 GATTAAT'l'A&ATTAAT!e!!,11.GAGGAAA<a'l'GCCAAACCCAAAATCATACCAGGAAATAAACCAAAATTTAAATAATT 

I N • 8cztl->K P N P K S Y Q E I N Q N L N N Y 

2721 ATTACAGTAATAAAGAAATGAGTATATGGCGAAACAACTTTCACATTGAGATGCCATTTGGTTTGATCAATGACCCAAAT 
Y S N K E M S I W R N N F H I E M P F G L I N D P N 

2801 GGATTAAGTTATTATGACAATAAGTTTCATATATTCTATCAATGGAATCCATTTGGATGTGAGCATAAAACAAAGCACTG 
G L S Y Y D N K F H I F Y Q W N P F G C E H K T K H W 

2881 GGGATTAGTAACAACAACCAATTTCATTAACTTTACTAAGCCCCAAATGGCGTTAAAACCTCAAGATTGGTTCGATAGAA 
G L V T T T N F I N F T K P Q M A L K P Q D W F D R N 

2961 ATGGATGCTATTCAGGTTGTGGATTGGTTAAAGATAATGAGTTGAAGTTATACTACACAGGAAACGTAAAAGGTCCAAAT 
G C Y S G C G L V K D N E L K L Y Y T G N V K G P N 

3041 GGAGAAAGAGAGTCATATCAGTGCTTAGCCATTTATCGTAAAGATGGAATAATAGAGAAACATGGAGTAATTATAGATAA 
G E R E S Y Q C L A I Y R K D G I I E K H G V I I D K 

3121 ACAGCCAAATGGATATACAGCTCACTTTAGAGATCCATATGTATTTATAGAAGATGACACTTATTACATGATATTAGGTG 
Q P N G Y T A H F R D P Y V F I E D D T Y Y M I L G V 

3201 TTCAAAGTGAAGACTTAAAAGGAAGAGCTTTAATTTATGAATCAATAGATTCAGTTAAATGGAACTTGCTTGGTGAGTTA 
Q S E D L K G R A L I Y E S I D S V K W N L L G E L 

3281 AAAACCGATATGAAGGACTTTGGATACATGTGGGAATGTCCCAATATAATAAGGATAAGTAAAGGCAAACATGCATTTAT 
K T D M K D F G Y M W E C P N I I R I S K G K H A F I 

3361 ATTTTCACCACAAGGTTTAGAAAAAGAAGAATTGAAAAATCAAAATTTATATCAGTCAGGGTATGTAATTGGTGAGCTAG 
F S P Q G L E K E E L K N Q N L Y Q S G Y V I G E L D 

3441 ATATAGAGAGCGTTGAGTTGAAAAATCATAGTAGATTTAAAGAATTAGACATGGGATTTGATTTTTATGCTCCACAAATA 
I E S V E L K N H S R F K E L D M G F D F Y A P Q I 

3521 TTTAAGCATAATGGTGAAAATATAATGATTGGATGGATCGGAATGCCAGATAGGGACTCTGAATACCCGACATATGAGCA 
F K H N G E N I M I G W I G M P D R D S E Y P T Y E H 

3601 TGGATGGATGTATTCATTAACTATGCCTAGAGTTTTAGAGTATAAGAATAATGTCCTTTATCAAAAGCCCATTAATGAAA 
G W M Y S L T M P R V L E Y K N N V L Y Q K P I N E M 

3 681 TGAGAAATTTAAGAGAAAATGAATTAATAAATATTAAAGGGCTAATTTTGAATAACTACAATTTAGCTTTAGAGTCTCGT 
R N L R E N E L I N I K G L I L N N Y N L A L E S R 

3 761 TCAGTAGAAATAATGATAAGTATAGAAGTTGAGGATATTGAATCTACAGAAGTTAAATTTAAATTTAATGACGAATATAT 
S V E I M I S I E V E D I E S T E V K F K F N D E Y I 

3841 TCTGATAACATATGATAATAAAAGACAACTATGTACAGTTGATAGAAGTAATATGAATATTGGCGGAAAAGGCATAAGAA 
L I T Y D N K R Q L C T V D R S N M N I G G K G I R K 

-35 -10 
3921 AATTCAAATTAAATTCTTCAAAAGAACTAAAAATGAATGTATTCA'l"l'GM:AATTCTGTGATGGAAA'l'A'l'A'ft'ATCAAGAT 

F K L N S S K E L K M N V F I---o--ii S V M E I---Y--Y Q D 

4001 GGATTAGAAGTAACAACATTAACATATTACCCTAAGAGTGAAGGATTAGAACTTCAAATAAGAAATGATAGCAAAATTAC 
G L E V T T L T Y Y P K S E G L E L Q I R N D S K I T 

8D 
4081 AATTAATGAGCTAAATATGTGGAACTT~TGAAGTA'l'Gll.A'l'AATAA'IVl"l"l"l"l"roATTGGGGAACTTTTAATT 

I N E L N M W N L R S V K Y E • 
ScrK->K N N N v F c I G E L L I 

4161 GATATGGTTTGTGTAGATAATAAAGGTTTAAAAAATGGAGAGAAATTTGAGAAAAAll.GCAGGTGGAGCACCAGCAAATGT 
D M V C V D N K G L K N G E K F E K K A G G A P A N V 

Fig. 2.6 Nucleotide sequence of the scr gene cluster. Full legend appears on page 64 
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. . 
4241 AGCGGCGAGTA'l"I'TGTAAATTAGAAGGTAATGCTTAT'rl"l'TTAGGACAAGTAGGTAATGA'rrrl"l"l"l'GGTAAGCATTTAG 

A A S I C K L E G N A Y P L G Q V G N D F F G K H L V . . . . 
4321 TTGAGCTGCTAAAAAGCTTGAATATAAATAC'l'GATATGACTGTAGAAAGAGGAAGTACAACAATTGCATTAGTTGGAATT 

E L L K S L N I N T D M T V E R G S T T I A L V G I 

4401 GATGCAAATGGTGAACGTAAC'l"I'TGACTTCCTAAGAGGTAGTGATGGGGAATATTCGTTTGATAATATAGATTTATCAAA 
D A N G E R N F D F L R G S D G E Y S F D N I D L S K 

4481 GATAAGTAATTCAGATATAATTCATTTTGGGTCTGCAACGGGATTTTTAGATGGAGAGTTAAAAAAGACATATTTTAAAC 
I S N S D I I H P G S A T G F L D G E L K K T Y F K L 

4561 TATTAGAATATGCGAAATCTAATAACATATATGTATCATTTGATCCTAATTACCGCGATGCACTAATCACTCAAGACAAG 
L E Y A K S N N I Y V S F D P N Y R D A L I T Q D K . . . . 

4641 TTAGAGTTG'l"I'TGTTGAGGATTGTGTTAAATTCTTGAGATATAGTAACT'l'TACGAAACTAAGTGATGAAGAATTATATTT 
L E L F V E D C V K F L R Y S N F T K L S D E E L Y L 

4721 AATAACAAAAGAAAAAGATATAGAAAGCGCTGTTAACAAGTTACATGAAATTGGAGTTAAGGTTGTAACAGTTACT'l'TAG 
I T K E K D I E S A V N K L H E I G V K V V T V T L G 

4801 GGTCTAAGGGCACATACTTAAGTGTTAATGGAAAAAATGAAATAATACCATCTATAGAAATTAAGCAAGTAGATTCCACT 
S K G T Y L S V N G K N E I I P S I E I K Q V D S T 

4881 GGTGCAGGAGATGCC'l"I'TGTTGGAGCAGTATTAAGACAGGTATCTGATATTGATGACAAAGAGAGTATAAGTTTTGATAG 
G A G D A F V G A V L R Q V S D I D D K E S I S F D R 

4961 ATGGAAAGAGATAGTTTCATTTGCAAATAAGGTAGGTGCAATAACATGCACCAACTACGGGGCTATAGCCTCAATGCCGA 
W K E I V S F A N K V G A I T C T N Y G A I A S M P T 

5041 CACTAAACGAATTAAAT'l'UGCCGAGTTAGATGAATTCATA!'A!'AGIG.HIGIGl'Gl!'A!'ft'l'Jl.u!'A!'A~C!'A!'At'l' 

L N E L N * ------ ----- -----> <·---- ----- ------
5121 TTTGGATTTTTAT'l'TGATTATTGAATATAAGTTAATAATAATGAGTATGAAACTTATGATTTTATATTTTTATTATATGG 

5201 TAGAATATTGAGAAAGGAACATATATAATATTAAAAATAT'l'TAGTCAAGAAAATTCATGATGGGAGCATTACAAATGGTT 

5281 GATTTTCTAAAAATTGCAAAAGAAGAAGCTAAGATGGCAATGAAAAAAGGGGAGATTCCAGTAGGAGCAGTAATTGTATT 

5361 AGATGATAAAATAATAG 5377 
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Fig. 2.6 Nucleotide and deduced amino acid sequence of the C. beijerinckii scrARBK gene cluster. 
Deduced aa sequences are shown in single-letter code below the coding sequences. Putative initiation 
and termination codons for the scrA, scrR, scrB and scrK genes are indicated in bold type. Putative 
promoters (-35 and-10 regions) and ribosome-binding sites (SD) are in bold type and underlined. The 
facing arrows, -31 to -42bp upstream of the proposed scrA initiation codon, indicate an imperfect 
palindrome. This site may act as an operator site for a GalR-Lacl family regulatory protein. The 
facing arrows 21 to 59bp downstream of scrK indicate an inverted repeat sequence, representing a 
potential transcriptional terminator, with a predicted mininnun free energy of (-15 kcal/mol) (Zuker 
and Stiegler, 1981). The positions and sequences of Primers a and bused in inverse PCR are indicated 
in bold type above the corresponding nucleotide sequence. The position of primer c has not been 
indicated, since it lies in a region sequenced only in one direction. 

2.4.7. Analysis of the deduced C. beijerinckii Ser A and homologous proteins. 

Analysis of several sucrose utilization systems has indicated that in almost all cases, sucrose 

transport occurs via the PTS. In the cases of S. mutans, S. sobrinus and P. pentosaceus, EilScr 

proteins consist of EIIB, EilC and EilA domains, fused by linker regions (EIIBCAscr proteins) 

(Sato et al., 1989; Chen et al., 1993; GenBank accession L32093). In the remaining examples 

the EilScr proteins simply consist of fused EIIBcScr domains. In all cases, the EIIBCscr 

domains are highly homologous to one another (Fig. 2.7) (Titgemeyer et al .• 1996). 
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The C. beijerinckii scrA gene specifies a deduced protein of 45laa, with a calculated 

molecular weight of 4764 lDa and homology to previously studied EIIBCScr proteins (Table 

2.1 ). Several particularly well conserved regions have been identified for EIIBCScr proteins 

and were discussed in section 1.2.1. It is evident from a multiple sequence alignment of 

EIIBCScr proteins that these regions have been conserved in the deduced C. beijerinckii ScrA 

(Fig. 2.7). The most highly conserved regions include: the (HCATRLRL) motif, containing 

the proposed EIIB cysteine phosphorylation site; the region corresponding to the first putative 

transmembrane a-helix; and the GITE motif, present on what is proposed to be an 

intracellular loop towards the C-terminal end of the EIIC domain (Fig. 1.5 and 2.7). The GITE 

motif, or similar motifs (GIHE, FASE, QINE, KLTE, GVNE), have been found in all EIIC 

PTS domains and are characterized by the presence of the "E" Glu amino acid residue 

(Titgemeyer et al., 1996). The GITE motif has been proposed to be involved in phosphate 

and/or substrate binding (Lengeler et al., 1994). 

TABLE 2.1. Percent identity and slmllarlty of the of the amino acid sequence of the deduced 

C. beijerinckii ScrA to known protein sequences. 

Putative 
C. beijerlnckii 

protein 
Ser A 

Homologous proteins 

Streptococcus sobrlnus ScrA 
Klebsiella pneumoniae ScrA 
Salmonella typhimurlum ScrA 
Vibrio alginolyticus ScrA 
Staphylococcus xylosus ScrA 
Pediococcus pentosaceus ScrA 
Streptococcus mutans ScrA 
Bacillus subtilis SacP 

• sp: Swiss Prot; PIR: Protein Information Resomce 

Accession 
number• 

(PIR: S68599) 
(sp: P27219) 
(sp: P08470) 
(sp: 22825) 

(sp: P51184) 
(sp: P43470) 
(sp: P12655) 
(sp: P05306) 

%identity 

55.1 
40.6 
40.4 
38.8 
36.2 
34.5 
34.8 
35.7 

%Similarity 

77.4 
67.6 
67.1 
67.1 
66.6 
61.6 
63.1 
61.0 

An analysis of overall amino acid sequence identity indicates that the deduced C. beijerlnclcii 

ScrA is particularly homologous to the S. sobrlnus ScrA (55.1% identity over the corresponding 

EIIBC domains) (Table 2.1). However, the deduced C. beijerinckii ScrA represents an EIIBCScr 

protein, while the S. sobrlnus ScrA represents an example of a fused EIIBCA Ser protein. 

Furthermore, the sucrose utilization system of S. sobrlnus is structurally similar to the S. mutans 

and P. pentosaceus systems, which also encode fused EIIBCAScr proteins (Section 1.3.3.4). In 

these cases, however, the C. beijerinckii EIIBCScr shares only 34.5% to 34.8% identity with 

equivalent EIIBCScr domains. This raises questions about the relationship between the ScrA 

proteins of C. beijerinclcii and S. sobrlnus. They no doubt share 
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a common origin with the remaining ScrA proteins, however, the high degree of homology 

between these two proteins, raises the possibility of an even closer evolutionary relationship. 

C.bei 
s.sob 
K.pne 
S.typ 
B.sul::> 
S.xyl 
v.alg 
P.pen 
S.mut 

C.bei 
S.sob 
K.pne 
S.typ 
B.,,ul::> 
S.xyl 
v.alg 
P.pen 
S.mut 

C.bei 
s.~ob 

K.pne 
S.typ 
B.,,ul::> 
S.xyl 
V.alg 
P.pen 
s.mut 

C .bei 

S.BOb 
K.pne 
S.typ 
B.sul::> 
S.xyl 
v.alg 
P.pen 
S.mut 

C.bei 
S.sob 
K.pne 
S.typ 
B.sul::> 
S.xyl 
v.al11 
P.pen 
s.mut 

C.bei 
S.BOb 
K.pne 
S.typ 
B. "ul::> 
S.xyl 
V.alg 
P.pen 
S.mut 

M a g Gk N 

F 
L 

F 

F 

IKEQiv!i!KE ILENI 
IDNKQI!l!KEVIEAL 
1DF EQISRSLLPL L 
•DFEQISCSLLPLL 

1DYK~KRLIELL 
YKKS ENILQAL 
YPA KELLTLL 
HQE DRVLNAI-

IDYS SEVITAV-

e k p D 
KTQKAL DVL 

TP 
LI 

g 
I' ITLLl'SMVLGLL I 

?vl
lJL R EAL 

KRLRRVI DAL 
I KQLRRAI DAL 

LLI l'L Tl'LVHSILGLI' AI 

QGREHDlsGsTc 

~
KGL I fl TVL 
LGL I flsvL 

TL KFF HIKGAF 
IL KFF RLflSA 

LIL 
LIL 
LL 

LL 
LL 

FTF 
FTF 

nml m" "FLTVIIS FI ALL II 
l'VTVIV FVAl'IAI 
LLAILS FITl'Sl' 
LL Ail'I LL TF 
Hl'AIVI FLTl'TI 
LLSVII FLTFIVI 

Hehx Ill I 
L p m n Qg A l A 

VE LSSTGKDA- - ---FNAMITCGIV 
T LAETKANP-----1' LLSAATA 
A LGNPSIGV---Nl'LL 

I A LGNPSIGV---NFL L I 
A IAD--IGK---NYL L I 
T IADSSSTG-- GSl'IF IA 1S1 I 

T LADIATTG--GTFIF IA 1S1 S • 

T LANVAKTG--GSl'IF AS I I • 
T ISAFQNGTGHGDl'IFVTAS I 

G1JGFGGASVSG-N------IPV1JNI L 
GYSv!i!TTHAAGK-------HVY 
IIGL!l!ANAPISKAATIGAYTGFlJN I 

GP g g :fG 

· FHSVETVVLAATE1JILALPF GI I II 
'"~''''''GA,KG•HGCH•GC~C .. , .. ,,,,,,,,,,~,,·~~ ' ' 

·AGRALGDGISFVLSTLISH TJL LL 
"LGRALGSGITVALTYVYDH FV LI 
·LTRTLGY1JLSDGLT1JLYEI' AI L I 
·F TRDIGl'LLGDGLN1JLYNT FV A 

LRTVSDALTNGLVGLYNS 1JIGHGI 
HKEVSD1JLTNGIV1JLYDT l'LGHG 

~ I 
K 

G Vn vy g 

F E DVIVGQ-N-SD 
KI DEVVDL~LPT 

AAFIQA ISE 
AAFTQA I S E 

y iv 
GVHQL 
GLQQ 

I GL S 
G SL 
LL AP 
LI APF 
LL S 
AL S P 

RF I 
RYG 

RYR 
KLR 
KLR 

FD AFSKEADIER 

FSELEKI~KEA 
AEHAKL HSE 
DALIVK LKE 
DE I IKQ LTE 
@@Linker l@iil 

TG 

PF 

LAV1JF MS 
LAVTJFHS 

A TY ILA 
SAFI LA 

GVAFILA 
AVlJLLS 

a g 

"l'" HGL GSA 

'~ m 
I L I GAA 
I MI GAL 
I I SGI 
I CAAAL 

F AIASGI 
FC Lil!ilsAs 

Helix V 
a v q pg y ia AF 

GGHLSGILHLAGTGHl!ilITAL HLLYVN-NLGS--~IL 
GGl'IAALVGLKATGHSVTVL LL Ll'LNSQHPH--- I VS I 

G~~~~1y=~~1~~~~ - :~~~~~===~~~~ ~~~H G YVVFT AANA LTGI MIAI AAPFGFSNL I LIGH 
GS YIAl'F KAIAL TAGI F ISISGQNNG-1JL GIAHI 
SS FITHF KAQAL AAGL IISITPDKIG-Y-- I AG 
AS FLGLF LSVA PASVI FISIASKSIP-A--FHLSA 

IAGLL AVS L SAGFL FLSIKASSIP-1'--itJvCEL 

I A CLTLFFl'KPEE---------------------
ALTYYl'GYADKEEDVSAKKPEAPAAAPVAETE
ALSLTLKYKTDAE-------------------
TVSLVLKYKTDAE-------------------
IAAl'VHKINEDEERKK----------------
GVTYALSY--RKKYRNIEA-------------

LTIVLGIGDRAKVGKKAAA------------
IPTl'IYAKRTLGDDRDQVKSP-----------
AVTYGYGKTKAV---------------------

~ ~r~~~~~~~~-1c::=:==:=JH~e[h~x~v~1C::::=:=:J-~~~~~--{[l!!J~~~~~~-
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460 
480 
479 
480 
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84 
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168 
168 
168 

231 
238 
231 
231 
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247 
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246 
253 

316 
323 
316 
316 
316 
332 
331 
331 
338 

395 
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397 
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413 
413 
422 

Fig. 2.7 Multiple sequence alignment of bacterial EIIBcscr domains. Sequences included are: C. beijerinckii 
ScrA (C.bei), S. sobrinus ScrA (S.sob), K. pneumoniae ScrA (K.pne), S. typhimurium ScrA (S.typ), B. subtilis 
SacP (B.sub), S. xylosus ScrA (S.xyl), V. alginolyticus ScrA (V.alg), P. pentosaceus ScrA (P.pen), and S. mutans 
ScrA (S.mut). Sequence accession numbers are supplied in Table 2.1. Shaded areas represent identical amino 
acids. The two dimensional structure, proposed by Titgemeyer et al. (1996) for the K. pneumoniae ScrA, is 
represented below the aligned sequences. Intracellular loops [IN] extracellular loops [OUT] and six putative 
transmembrane helices [Helix I to VI]. 
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Hydrophobicity analysis revealed that the deduced C. beijerinckii ScrA is characterized by an 

N-terminal hydrophilic domain of approximately 112aa, followed by an essentially 

hydrophobic domain (Fig. 2.8). This hydrophobicity profile reflects the fact that the N

terminal region corresponds to the EIIBScr domain and linker region, and is likely to have an 

intracellular location, while the remainder of the protein corresponds to the EilCScr domain, 

and is likely to be an integral membrane component. 

3..-~~~~~~~~~~~~~~~~~-

2 

~ ·o 1 ..... 
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_g o~~i+-+-t-~~~~~~~----...... ~~~~ 
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~ -1 
>. 

:::c: -2 

_3.__~~~--~~~~--~~~ ...... ~~~~~ 
1 113 226 339 451 

ScrA Amino acid number 

Fig. 2.8 Hydropathy plot of the deduced C. beijerinckii ScrA (EIIBC~ protein (Kyte and Doolittle, 
1982). The window size chosen was 20aa. 

Since the scrA of C. beijerinckii appears to encode an EIIBCScr protein, it must therefore 

interact with an EilA domain encoded elsewhere on the chromosome. The possibility exists 

that a separate EilA Ser domain is encoded elsewhere on the chromosome. However, in B. 

subtilis the EilA Glc domain of the EilCBA Glc protein has been shown to phosphorylate EIIBScr 

(Sutrina et al., 1990). In studies with the K. pneumoniae, S. typhimurium and V. alginolyticus 

sucrose utilization systems, cloned into E. coli, it was demonstrated that EIIBCScr dependent 

sucrose uptake required the presence of a functional E. coli EilA o1c (Blatch et al., 1990; 

Lengeler et al., 1982; Sprenger and Lengeler, 1988). It is therefore possible that the C. 

beijerinckii EIIBScr domain interacts with a shared EilA domain, possibly that of the glucose 

PTS. 

2.4.8. Analysis of the deduced C. beijerlnclcii ScrR and homologous proteins. 

The C. beijerinckii scrR gene specifies a deduced protein of 330aa, with a calculated 

molecular weight of 36602Da and homology to members of the GalR-Lacl family of 

transcriptional regulators (Table 2.2). In order to establish the relationship between the 

deduced C. beijerinckii ScrR and other GalR-Lacl family members, a phylogenetic analysis 

was conducted using the ClustalW algorithm of Thompson et al. (1994). To place the present 
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study in context, the findings of a similar study, conducted by Nguyen and Saier (1995), will 

be considered. 

TABLE 2.2. Percent identity and similarity of the of the amino acid sequence of the deduced 

C beijerincldi ScrR to known protein sequences. 

Putative Homologous proteins Accession number• %Identity %Similarity 
C. beijerinckii 

protein 
ScrR Staphylococcus xylosus ScrR (EMBL: X67744) 31.8 57.5 

C. acetobutylicum NCP 262 RegA (gb: L14685) 30.8 52.4 
Bacillus subtilis CcpA (sp: P25144) 29.4 51.5 
Pediococcus pentosaceus ScrR (sp: P43472) 26.0 46.6 
Escherichia coli PurR (sp: P15039) 25.6 51.7 
Streptococcus mutans ScrR (gb: U46902) 24.6 50.0 
Salmonella typhimurium ScrR (sp: P37077) 22.1 45.0 
Klebsiella pneumoniae ScrR (sp: P37076) 21.7 45.0 
Escherichia coli CscR (sp: P40715) 22.5 46.3 

• sp: Swiss Prot; gb: GenBank; EMBL: European Molecular Biology Laboratory 

Nguyen and Saier (1995) conducted a phylogenetic analysis involving twenty-five GalR-Lacl 

members. This resulted in a phylogenetic tree, with approximately equal branch lengths, 

stemming from a point close to the center of the tree. Consequently, it was proposed that most 

GalR-Lacl family members evolved by gene duplication events, occurring at a specific time in 

evolutionary history, and that further duplication events were rare. The authors included two 

GalR-Lacl family members, involved in the regulation of sucrose catabolic genes, the K. 

pneumoniae ScrR and the E. coli CscR. Despite both being involved in sucrose metabolism, it 

appeared that these two proteins had evolved separately within the family. This prompted the 

phylogenetic analysis conducted in the present study, with the aim of identifying whether 

subsequently characterized ScrR proteins would also represent independent lines of evolution 

within the GalR-Lacl family. 

The same GalR-Lacl regulatory proteins selected by Nguyen and Saier (1995), were subjected 

to a phylogenetic analysis in conjunction with recently isolated ScrR proteins. The resulting 

phylogenetic tree was similar to that presented by Nguyen and Saier (1995), with almost all 

branches stemming from a point close to the center of the tree (Fig. 2.9). The phylogenetic 

tree suggests that within the GalR-Lacl family, proteins involved in the regulation of sucrose 

catabolic genes have evolved at least four times (A to D in Figure 2.9). 
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Fig. 2.9 Phylogenetic tree for the proteins of the GalR-Lacl family. The tree was constructed using the ClustalW 
program of Thompson et al. (1994). Branch lengths are approximately proportional to the amount of sequence 
difference. The scale of 0.1 indicates 10% amino acid sequence divergence. In the interests of clarity, bootstrap 
values, a'S a percentage of 1000 trials, are presented only at branch-points involving ScrR proteins. The four 
evolutionary lines involving regulators of sucrose catabolic genes are indicated (A to D). Sequence abbreviations 
and accession numbers (gb: GenBank and sp: SWISS-PR01) are [1] RbtRKae: Klebsiella aerogenes Ribitol 
repressor; sp: P077flJ [2] CraSty: Salmonella typhimurium Catabolite Repressor/Activator protein, sp: P21930 [3] 
ScrRCbe: Clostridium beijerinckii ScrR [4] ScrRSxyl: Staphylococcus xylosus ScrR, EMBL: X67744 [5) 
XylRMmo: Morganella morganii Xylitol repressor, gb: L34345 [6] TreRSty: S. typhimurium Trehalose 
repressor, sp: P36674 [7) MallBco: E. coli maltose repressor, sp: P18811 [8] MalRSxy: S. xylosus maltose 
repressor, PIR: S44187 [9] CcpABme: Bacillus megaterium Catabolite control protein A (CcpA), gb: L2flJ52 [10) 
CcpABsu: Bacillus subtilis CcpA sp: P25144 [11) RegACac Clostridium acetobutylicum RegA, gb: L14685 [12) 
DegABsu: B. subtilis Degradation enzyme activator, sp: P37947 [13) PurREco: E. coli purine repressor, sp: 
P15039 [14) RbsREco: E. coli ribose reprcssor, gb: Ll0328 [15) CytREco: E. coli cytidine repressor, sp: P06964 
[16) EndRBpo: Bacillus polymyxa endogluconase repressor, sp: P27871 [17) EbgREco: E. coli evolved P
galactosidase repressor, sp: P06846 [18) ScrRMmu: Streptococcus mutans ScrR, gb: U46902 [19) ScrRPpe: 
Pediococcus pentosaceus ScrR, sp: P43472 [20) RbsRBsu: B. subtilis Ribose repressor, sp: P36944 [21) 
GalREco: E. coli GalR, sp: P03024 [23) GalRHin: Haemophilus influemae, sp: P31766 [23) CcpBBsu: B. 
subtilis Catabolite control protein B (CcpB), sp: P37517 [24) CscREco: E. coli CscR, sp: P40715 [25) LaclEco: 
E. coli lactose repressor, sp: P03023 [26) RafRF.co: E. coli raffinose repressor, sp: P21867 [27) ScrRKpn: K. 
pneumoniae ScrR, sp: P37076 [28) ScrRSty: S. typhimurium ScrR, sp: P37077. 

The first evolutionary line involves the S. xylosus and C. beijerinckii ScrR proteins (Fig. 2.9 

(A)). The bootstrap value at the S. xylosus and C. beijerinckii ScrR branch, is 89.6%, 

providing confidence that they are more closely related to one another, than to other GalR-
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Laci members. The second line involves the P. pentosaceus and S. mutans ScrR proteins (Fig. 

2.9 (B)). The bootstrap value at the P. pentosaceus and S. mutans ScrR branch, is 100% and 

these two proteins appear to have diverged from one another more recently than the ScrR 

proteins of S. xylosus and C. beijerinckii. The third and fourth lines lead to the CscR of E. coli 

(Fig. 2.9 (C)). and the closely related ScrR proteins of K. pneumoniae and S. typhimurium 

respectively (Fig. 2.9 (D)). Despite almost certainly being involved in sucrose metabolism, the 

proteins of the four evolutionary lines are no more related to each other than to other GalR

Lacl family members, responding to a diverse range of ligands. In addition, it should also be 

noted that although the ScrR protein of V. alginolyticus was not included in the analysis, since 

it is less than one third the size of other GalR-Lacl proteins, it does have homology to 

members of this family (Weickert and Adhya, 1992), and may represent an additional 

evolutionary line leading to a regulatory protein involved in sucrose metabolism. 

A possible explanation for the lack of homology between the various GalR-Lacl regulators 

involved in sucrose metabolism, may be that they respond to different metabolites signaling 

the presence of sucrose. In the case of the K. pneumoniae and S. typhimurium ScrR proteins, 

the inducer molecule has been demonstrated to be fructose or fructose-1-phosphate (Jahreis 

and Lengeler, 1993). In the remaining cases, inducer molecules may be sucrose or sucrose-6-

phosphate, or derivatives of these sugars. 

A multiple sequence alignment for ScrR proteins, emphasizes the lack of conserved domains 

along the length of these proteins (Fig. 2.10). The only region of particularly high homology, 

conserved throughout the ScrR proteins, corresponds to the N-terminal helix-tum-helix DNA 

binding motifs (Fig. 2.10). The protein most homologous to the C. beijerinckii deduced ScrR 

is the ScrR of S. xylosus (31.8% identity, Table 2.2). This is particularly evident in the helix

turn-helix domains of these two proteins. In addition, the C. beijerinckii and S. xylosus ScrR 

proteins share several other conserved domains. These domains correspond to the regions of 

the Laci protein susceptible to inducer sensitive mutations, and may be involved in inducer 

binding (Fig. 2.10) (Kleina and Miller, 1990; Weickert and Adhya, 1992). This suggests that 

the C. beijerinckii and S. xylosus ScrR proteins, respond to the same ligand, which has been 

proposed to be sucrose-6-phosphate for the S. xylosus ScrR (Gering and Bruckner, 1996). 
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Fig. 2.10 Multiple sequence alignment of bacterial ScrR proteins. E. coli Lael was included to 
orientate the inducer binding (I; cross-hatched), dimerization (D; Dark filled box) and tetramerization 
(T; light shaded box) domains of Lael (Weickert and Adhya, 1992) to the ScrR proteins. Arrowheads 
under the Lael sequence indicate specific amino acids, at which alterations result in inducer sensitive 
mutations (Kleina and Miller, 1990). Shaded areas represent identical amino acids and have been 
manipulated to emphasize similarities between the ScrR proteins of C. beijerinckii and S. xylosus. 
Protein sequences included are C. beijerinckii ScrR (ScrRCbe), S. xylosus ScrR (ScrRSxyl), S. mutans 
ScrR (ScrRMmu), K. pneumoniae ScrR (ScrRKpn), P. pentosaceus ScrR (ScrRPpe), S. typhimurium 
(ScrRSty), E. coli CscR (CscREco), V. alginolyticus ScrR (ScrRVal) and the E. coli Lael (LacIEco). 
Sequence accession numbers are supplied in Table 2.2. 
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2.4.9. Analysis of the deduced C. beijerinckii ScrB and homologous proteins. 

The scrB gene specifies a deduced protein of 485aa, with a molecular weight of 57128Da and 

homology to P-fructofuranosidases of the glucosyl hydrolase family 32 (Table 2.3.). Seven 

regions of distinct homology have been reported for sucrose hydrolases from various 

organisms (Gunasekaran et al., 1990; BrUckner et al., 1993). For convenience, a multiple 

sequence alignment illustrating these regions and the extent to which they are conserved in the 

C. beijerincldi ScrB, is presented in Figure 2.11. Functions have been proposed for domains A 

and E. Specifically the conserved Asp (D) residue, in homology domain A, has been proposed 

to act as a catalytic nucleophile in the hydrolysis of sucrose, while the conserved Glu (E) 

residue, of homology domain E, has been proposed to act as an acid-base catalyst in sucrose 

hydrolysis (Reddy and Maley, 1996). Rel>lacement of the Glu residue in homology region E 

results in a 3000 fold decrease in the activity of the yeast invertase (Reddy and Maley, 1996). 

TABLE 2.3. Percent identity and similarlty of the of the amino acid sequence of the deduced 

C. beijerlncldi ScrB to known protein sequences. 

Putative Homologous proteins Accession %identity %Similarity 
C. beijerinckii number• 

protein 
ScrB Bacillus stearothennophilus SurA (gb: U34872) 36.5 62.4 

Bacillus subtilis SacA (sp: P07819) 35.6 59.6 
Staphylococcus xylosus ScrB (sp: Q05936) 35.2 57.3 
Lactococcus lactis ScrB (sp: Q04937) 35.6 57.0 
Vibrio alginolyticus ScrB (sp: P13394) 35.5 59.8 
Streptococcus mutans ScrB (sp: P13522) 35.1 57.8 
Salmonella typhimurium ScrB (sp: P37075) 34.2 60.0 
Klebsiella pneumoniae ScrB (sp: P27217) 34.0 59.1 
Escherichia coli CscA (sp:P40714) 31.3 53.0 
Streptococcus sobrinus ScrB (PIR: S68598) 33.8 56.9 
Pediococcus pentosaceus ScrB (sp: P43471) 30.1 50.6 
Zymomonas mobilis SacA (sp: P22632) 29.3 53.1 

• sp: Swiss Prot; gb: GenBank; PIR: Protein Information Resource 
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Fig. 2.11 Multiple sequence alignment of bacterial sucrose and sucrose-6-phosphate hydrolases of the glucosyl 
hydrolase family 32. Sequences involved are C. beijerinckii ScrB (C.bei), B. subtilis SacA (B.sub), S. xylosus 
ScrB (S.xyl), S. typhimurium ScrB (S.typ), L. lactis ScrB (L.lac), V. alginolyticus ScrB (V.alg), S. mutans ScrB 
(S.mut), S. sobrinus ScrB (S.sob), K. pneumoniae ScrB (K.pne), E. coli CscA (E.col), Z. mobilis SacA (Z.mob), 
B. stearothermophilus SurA (B.ste) and the P. pentosaceus ScrB (P.pen). Sequence accession numbers are 
supplied in Table 2.3. Shaded areas represent identical amino acids. Conserved regions A through G have been 
identified previously (Gunasekaran et al., 1990; Bruckner et al., 1993). 
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2.4.10. Analysis of the deduced C. beijerinckii ScrK and homologous proteins. 

The scrK gene specifies a deduced protein of 312aa, with a calculated molecular weight of 

34297Da and homology to several prokaryotic as well as three eukaryotic ribokinase/pjkB family 

fructokinases {Table 2.4). A multiple sequence alignment of ribokinase/pjkB family 

fructokinases, revealed several relatively well conserved regions, some of which have been 

previously identified (Wu et al., 1991; Fennington and Hughes, 1996; Bork et al., 1993; Spychala 

et al., 1996) (Fig. 2.12). Regions 2, 6 and 7 were identified by Bork et al. (1993) as being 

common to all members of the ribokinase/pjkB sugar kinase family, and are likely to facilitate 

functions common to its members, such as ATP binding. Regions 1, 3, 4 and 5 appear to be 

relatively well conserved among the fructokinases and may be responsible for activities specific 

to fructokinases. Indeed, Fennington and Hughes, (1996) suggested that since regions 4 and 5 

were conserved primarily in the fructokinases, they may play a role in fructose binding. However, 

given the lack of structural information on members of the ribokinase/pjkB family, caution should 

be exercised before ascribing specific functions to the conserved domains (Spychala et al., 1996). 

TABLE 2.4. Percent identity and similarity of the deduced C. b111jerlnckli ScrK to known protein 

sequences. 

Putative Homologous protein Accession number• %identity %Similarity 
protein 
ScrK Staphylococcus aureus Hypothetical protein (PIR: S58482) 36.1 57.9 

Beta vulgaris Fructokinase (gb: U37838) 36.9 60.3 
Solanum tuberosum Fructokinase (sp: P37829) 36.0 59.l 
Lycopersicon esculentum Fructokinase (gb: U62329) 35.0 58.6 
Vibrio alginolyticus ScrK (sp: P22824) 29.9 53.5 
Klebsiella pneumoniae ScrK (sp: P26420) 30.3 54.6 
Salmonella typhimurium ScrK (sp: P26984) 29.2 51.4 
Synechocystis sp. Fructokinase (DDBJ: D90907) 28.5 49.6 
Escherichia coli CscK (sp :P40713) 29.2 55.1 
Rhizobium leguminosarum FrK (sp: P42720) 26.0 51.8 
Bacillus subtilis Putative fructokinase (sp: P42414) 22.5 49.l 

• sp: Swiss Prot; gb: GenBank; PIR: Protein Information Resource; DDBJ: DNA Database of Japan 

It was indicted in section 1.2.3. that ATP-dependent fructokinases occur in two nonhomologous 

families: the ribokinase/pjkB family (Bork et al., 1993) and the ROK/hexokinase family (Bork et 

al., 1993, Titgemeyer et al., 1994). Genes encoding examples from both families have been found 

to be associated with sucrose utilization gene clusters. However, it is possibly worth noting that 

the C. beijerinckii ScrK represents the first complete sequence of a ribokinase/pjkB family 

fructokinase, associated with a sucrose utilization gene cluster, in a Gram-positive organism. In 

other Gram-positive systems, fructokinase encoding genes are either not clustered with sucrose 
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catabolic genes or encode ROK/hexokinase family fructokinases (Thompson et al., 1991b; Sato et 

al., 1993b; GenBank accession L32093). 
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Fig. 2.12 Multiple sequence alignment of proteins homologous to the deduced C. beijerinckii ScrK. Sequences 
involved are: C. beijerinckii ScrK (C.bei); S. xylosus putative ScrK fragment (S.xyl) (the amino acid sequence 
was translated during this study from the reported nucleotide sequence downstream of the scrB gene (Bruckner et 
al., 1993)); Solanum tuberosum fructokinase (S.tub), Lycopersicon esculentum fructokinase (L.esc), 
Synechocystis sp. fructokinase (Syne), Beta vulgaris fructokinase (B.vul), Staphylococcus aureus hypothetical 
protein (S.aur), Rhizobium leguminosarum Frk (R.leg), B. subtilis putative fructokinase (B.sub), V. alginolyticus 
ScrK (V.alg), S. typhimurium ScrK (S.typ), K. pneumoniae ScrK (K.pne), E. coli CscK (E.col). Sequence 
accession numbers are supplied in Table 2.4. Shaded areas represent identical amino acids. Conserved regions 1 
to 7 are discussed in the text. 
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2.5. CONCLUSIONS 

Nucleotide sequence analysis indicated that the C. beijerinckii sucrose utilization system 

consisted of four genes: scrA, scrR, scrB and scrK. The genes were closely linked and present in 

the same orientation. Putative transcriptional terminator structures were not identified between 

the scr genes, which raised the possibility that they may be transcribed as an operon. Homology 

analysis suggested that the scrA gene encoded an EIIBCScr of the PTS, scrR, a regulatory protein 

of the GalR-Lacl family, scrB, a sucrose hydrolase of the glucosyl hydrolase family 32 and scrK, 

a fructokinase of the ribokinaselpjkB sugar kinase family. The presence of these genes suggested 

that C. beijerinckii would transport sucrose via the PTS, and that this would generate intracellular 

sucrose-6-phosphate. Sucrose-6-phosphate would then be hydrolyzed by a sucrose-6-phosphate 

hydrolase, yielding glucose-6-phosphate and fructose. Fructose would then be phosphorylated by 

a fructokinase. The presence of scrR encoding a GalR-Lacl-like regulatory protein, suggested that 

the transcription of the C. beijerinckii scr system would be subject to regulation by the scrR gene 

product. 

Having the complete sequence of the C. beijerinckii scr gene cluster, allowed for a comparison 

with previously studied systems. The C. beijerinckii scr gene cluster has a molecular organization 

similar to the sucrose PTS regulon of S. xylosus. The S. xylosus system has been reported to 

consist of an independent scrA and a scrRB gene cluster (Bruckner et al., 1993; Gering and 

Bruckner, 1996; Wagner et al., 1993). However, it was noted during the preparation of this 

dissertation, that a gene encoding a ribokinase/pjkB family fructokinase appears to lie 

immediately downstream of the S. xylosus scrB (Chapter 1, section 1.3.2). It would follow 

therefore, that the S. xylosus scr gene cluster consists of, not two, but three genes viz: scrRBK 

(Fig. 1.8). This is precisely the same order as the equivalent genes of the C. beijerinckii system. 

While the scr gene clusters of C. beijerinckii and S. xylosus differ in that the scrA of S. xylosus is 

not associated with the remaining scr genes, the similarity in the molecular organization of the 

remaining genes raises the possibility of a common origin for the two gene clusters. A 

comparison of the C. beijerinckii scr gene cluster with other sucrose PTS regulons failed to 

identify clear similarities in molecular organization. 

The basic molecular analysis of the C. beijerinckii scr gene cluster, allowed for speculation about 

how sucrose is metabolized and provided clues to the regulation of this metabolism. This 

provided the background against which a physiological analysis of sucrose metabolism could be 

conducted, and the molecular characterization extended. 
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CHAPTER3 

PHYSIOLOGICAL ANALYSIS OF SUCROSE UTILIZATION 

BY CLOSTRIDIUM BEIJERINCKII. 
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3.1. SUMMARY 

A preliminary characterization was carried out on sucrose hydrolase and fructokinase 

activities, conferred on E. coli by the cloned scrB and scrK genes. The sucrose hydrolase had 

a pH optimum slightly below pH 6, and a temperature optimum of between 35 ° C and 40° C, 

and was unstable at temperatures higher than 30°C. Substrate specificity assays confirmed 

that the sucrose hydrolase was a ~-fructofuranosidase able to hydrolyze sucrose and raffinose, 

but not the ~(2-1) bonds of inulin, or the ~ (2-6) bonds of levans. The scrK gene conferred 

ATP/Mg2+ dependent fructokinase activity on E. coli and this activity was unstable at 

temperatures above 20°C. 

Sucrose hydrolase and fructokinase activities expressed by C. beijerinckii, were also 

investigated. This work demonstrated that sucrose hydrolase and fructokinase activities were 

induced in cultures grown on s~crose, but not in cultures grown on glucose, fructose, maltose 

and xylose. Sucrose hydrolase and fructokinase activities were partially repressed in a mixed 

sucrose/glucose batch culture. Assays of carbohydrate depletion in the same culture indicated 

that, although both glucose and sucrose were co-metabolized, glucose appeared to be the 

preferred carbohydrate. 
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3.2. INTRODUCTION 

Carbohydrate utilization systems are often regulated to exploit a changing range of available 

carbohydrates. This is likely to involve induction of carbohydrate utilization systems by their 

substrates and repression when more readily metabolized substrates are available. In this 

regard, bacterial sucrose utilization systems are typically induced by the presence of sucrose. 

This has been specifically reported for the sucrose PTS systems of B. subtilis, S. xylosus, L. 

lactis and V. alginolyticus and the non-PTS system of E. coli EC3132 (Arnaud et al., 1992; 

Bockmann et al., 1992; Gering and Bruckner, 1996; Scholle et al., 1987; Rauch and de Vos., 

l 992b ). In other cases, such as the sucrose PTS systems of K. pneumoniae and S. typhimurium 

(plasmid pUR400), a sucrose metabolite (fructose) acts as an inducer (Jahreis and Lengeler, 

1993). Transcriptional regulation in response to the presence of sucrose, is typically mediated 

by GalR-Lacl family regulatory proteins, although exceptions do exist, such as the B. subtilis 

sucrose PTS (sacPA operon), which is regulated by transcriptional antitermination (Arnaud et 

al., 1996). 

In the case of C. beijerinckii, the scrA, scrB and scrK genes would specify a typical sucrose 

PTS pathway and the presence of scrR suggested that the system would be regulated in 

response to sucrose. The primary objective of the work presented in this chapter was to 

examine the regulation of the C. beijerinckii sucrose utilization system in response to supplied 

carbohydrates. In order to do this, it was first necessary to establish appropriate conditions 

under which sucrose hydrolase and fructokinase activities could be assayed. To this end, a 

preliminary characterization of these activities was carried out. 
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3.3. MATERIALS AND METHODS 

3.3.1. Bacterial strains and media 

C. beijerincldi was cultured as described in section 2.3.1., except that a Clostridial Minimal 

Medium (CMM), adapted from Clostridium acetobutylicum Minimal Medium (Long, I984) was 

used (see appendix C for full details on CMM preparation). Unless otherwise stated, 

carbohydrates (sucrose, glucose, fructose, maltose, xylose) were supplied in CMM medium at a 

concentration of0.25%(w/v). E.coli JM109 was cultured as described in section 2.3.1. 

3.3.2. Processing of bacterial cultures for sucrose hydrolase and fructoklnase assays 

Cell free extracts (CFEs) were prepared in one of three buffer types. To establish the relationship 

between pH and sucrose hydrolase activity, CFEs were prepared in Tris-Acetate buffers with pH 

values ranging between pHS and pH8.5 (IOOmM Tris, IOOmM Acetate, adjusted to the 

appropriate pH with IM HCl or IM NaOH). For subsequent sucrose hydrolase and substrate 

specificity assays, CFEs were prepared in. a Citrate-Phosphate (CP) buffer (pH 6.0) (I7.9mM 

citric acid, 64.2mM N~HP04). For fructokinase assays, CFEs were prepared in a SOmM Tris-HCl 

buffer (pH 7.2). 

The preparation of CFEs involved harvesting E. coli or C. beijerincldi cells by centrifugation and 

resuspending the cells in the relevant buffer (IOml buffer/gram wet weight of cells). Cell 

disruption was achieved by sonication of 2ml volumes for three thirty second bursts, interspersed 

by thirty second intervals (Soniprep ISO sonicator, MSE Scientific Instruments, Sussex, U.K.). 

Cell debris was removed by centrifugation in an eppendorf® 54 I SC microfuge (I 4000rpm for I 0 

minutes). The supernatant was then used as a CFE. Further fractionation ofCFEs into soluble and 

membrane components, was achieved by ultracentrifugation at I 75 000 g for 90 minutes 

(Beckman, TL-100), as described by Mitchell and Booth (I984). All procedures were conducted 

on ice or at 4 °C. 

In order to investigate the possibility of extracellular sucrose hydrolase activity, SOml culture 

volumes were harvested, and the cells were removed by centrifugation. The supernatant was 

concentrated 10-fold using an Amicon 8050 Ultrafiltration cell and a PM 10 membrane. The 

concentrated culture medium was dialyzed overnight, at 4°C, against a CP buffer (pH 6.0) and 

tested for sucrose hydrolase activity. 
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3.3.3. Enzyme assays 

Sucrose hydrolase activity was assayed using an adaptation of the method described by Blatch 

and Woods (1993). This involved incubating a 15µ1 aliquot of 0.88M sucrose with 35µ1 of an 

appropriately diluted CFE, for 15 minutes. The enzyme reaction was terminated by the 

addition of 150µ1 dinitrosalicylic acid reagent (DNS) (Miller, 1959), and boiling for five 

minutes. The amount of reaction product was determined spectrophotometrically at 510nm, 

using glucose as a standard. Sucrose hydrolase activities were expressed as micromoles of 

reducing sugar produced per minute per milligram of protein. The substrate specificity assays 

were identical to the standard saccharolytic assays, except that all substrates (sucrose, 

raffinose, melezitose, levan and inulin) were supplied at a concentration of 1 %(w/v). Where 

reaction product was not detected after 15 minutes, the assays were repeated with a 60 minute 

incubation period. Unless otherwise specified, assays were conducted at 30 ° C. 

Fructokinase activity was assayed using an adaptation of the method described by Sprenger 

and ~ngeler (1988). The assay is a coupled assay, in which the production of fructose-6-

phosphate is linked to the production of NADH by the presence of two auxiliary enzymes: 

phosphoglucose-isomerase and glucose-6-phosphate dehydrogenase. The assay was conducted 

in two stages. Stage 1 allowed for the production of fruciose-6-phosphate, after which the 

reaction was stopped. Stage 2 involved the addition of the auxiliary enzymes and production 

of NADH. Fructose-6-phosphate (Sigma Chemical Company, St. Louis, Missouri) was used 

as a standard for these assays. 

Stage 1: An assay mixture was prepared in a 50mM Tris-HCl buffer (pH 7.2), with a total 

volume of 200µ1. The 200µ1 reaction mixture contained a 40µ1 aliquot of an appropriately 

diluted CFE and final concentrations of lOmM-MgCh, 5mM-ATP and 5mM-fructose. The 

preparation of this mixture involved preincubating all of the components, except fructose, for 

10 minutes at 20°C. Addition of fructose initiated the reaction, which was allowed to proceed 

for up to 10 minutes at 20°C. The reaction was stopped by boiling for 5 minutes. 

Stage 2: The stopped reaction was cooled on ice and diluted to lml with the addition of NAD 

(5mM final concentration) (Sigma Chemical Company), phosphoglucose-isomerase (final 

concentration 3U.ml"1
) (Boehringer Mannheim, GmbH) and glucose-6-phosphate 

dehydrogenase (final concentration 3U.ml-1
). (Type XXIII from Leuconostoc mesenteriodes, 
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Sigma Chemical Company). This was maintained at 37°C for 30 minutes, before the amount 

ofNADH produced was determined spectrophotometrically at 340nm. Fructokinase activities 

were expressed as nanomoles or micromoles of fructose-6-phosphate produced per milligram 

of protein per minute. 

3.3.4. Protein assays 

Protein concentrations were determined using the method of Bradford (1976), with bovine 

serum albumin as the standard. 

3.3.S. Carbohydrate utilization assays 

For the determination of sucrose and glucose concentrations in the culture medium, lml 

volumes were harvested and the cells removed by centrifugation (5 minutes at 7000rpm in an 

eppendorf® 5415C microfuge). Glucose was assayed using the Sigma glucose assay kit 

(Catalog no. 510-A). Sucrose was assayed, by hydrolysis to glucose and fructose using Grade 

V yeast invertase (Sigma Chemical Company). Glucose was then assayed using the Sigma 

glucose assay kit. 

3.3.6. Repetition of Assays. 

Results are presented as the average and standard deviation of triplicate or duplicate assays, 

conducted on each sample. 
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3.4. RESULTS AND DISCUSSION 

3.4.1. Characterization of sucrose bydrolase and fructokinase activities conferred on E. 

coli by pCBS2. 

The initial aim was to establish the physical parameters under which the cloned sucrose 

hydrolase and fructokinase activities could be assayed. This in tum, would lead to the 

selection of appropriate conditions for subsequent assays. Plasmid pCBS2 conferred a 

sucrose-positive phenotype on E. coli. In addition, the scrB and scrK genes carried by pCBS2 

were present in the same orientation as the pSK lacZ promoter, suggesting that they would be 

expressed (Fig. 2.1 ). CFEs were prepared from E. coli cells carrying pCBS2 and were used for 

a preliminary analysis of sucrose hydrolase and fructokinase activities. CFEs from E.coli cells 

carrying pSK were used as a negative control. 

Before considering the work presented here, it is important to note that scrA encodes a 

putative EIIBCScr PTS protein. This suggests that intracellular sucrose would be accumulated 

as sucrose-6-phosphate. It would follow that sucrose-6-phosphate, and not sucrose, would be 

the in vivo substrate for the C. beijerinckii sucrose hydrolase. However, due to the cost and 

limited availability of sucrose-6-phosphate, the experiments which follow were conducted 

using sucrose. In cases where sucrose-6-phosphate hydrolases have been characterized, both 

sucrose-6-phosphate and sucrose were hydrolyzed, with the difference that Km values for 

sucrose-6-phosphate were lower than those for sucrose (Lunsford and Macrina, 1986; 

Thompson et al., 199la; Schmid et al., 1982). 

Preliminary studies confirmed that pCBS2 conferred sucrose hydrolase activity on E. coli. In 

an initial study, its substrate specificity was investigated. This indicated that it catalyzed the 

hydrolysis of sucrose and raffinose, but not melezitose, "inulin and levan (Table 3.1). These 

data are consistent with the presence of a P-fructofuranosidase, able to hydrolyze the fructose 

moieties off the low molecular weight sugars (sucrose and raffinose), but not off the PC2-l) 

linked fructose polymer, inulin, or the PC2-6) linked fructose polymer, levan. Sucrose 

hydrolase activity conferred on E. coli by pCBS2 was also characterized with respect to pH 

and temperature. The pH optimum was slightly below pH6.0 (Fig. 3.1), and this corresponds 

almost exactly with that reported for the intracellular invertase activity of C. acetobutylicum 

IFP 912 (Looten et al,. 1987). As regards thermal stability, the sucrose hydrolase was found to 
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be relatively stable at temperatures up to 30°C for two hours. However, exposure to 

temperatures higher than 30°C resulted in a substantial loss of activity (Fig. 3.1). Maximum 

sucrose hydrolase activity was recorded between 35 and 40°C. 

Table 3.1. Substrate specificity of sucrose hydrolase activity conferred on E.coli JM109 by pCBS2. CFEs 
were prepared from stationary phase YT broths of E. coli 1Ml09 carrying either pCBS2 or pSK. CFEs 
were exposed to the indicated substrate for 15 minutes and the release of reducing sugars was assayed. 
Where no activity could be detected, additional assays were conducted with an incubation period of 60 
minutes. 

Strain Specific Enzyme activity" 

Sucrose Raffmose Melezitose 

E. coli JM109 
(pCBS2) 

15.60 
(sd: 0.31) 

8.84 
(sd 0.51) 

E.coli JM109 ND 0.22 
(pSK) (sd 0.04) 

ND 

ND 

"Specific activity expressed as µmol reducing sugar.mg protein·' .min·' 

Levan 

ND 

ND 

Inulin 

0.24 
(sd 0.08) 

0.18 
(sd 0.07) 

ND- indicates that no reducing sugars were detected after exposure to 1he indicated substrate for 
60minutcs 
sd- Standard Deviation. 

l 0 t---t--t---t-~t---t-~~-+---+---1 
4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 

pH 

B 

0 10 20 30 40 so 60 
Temperature °C 

Fig. 3.1 [A] pH optimum of sucrose hydrolasc activity (0) conferred on E. coli by pCBS2. CFEs were prepared 
in Tris-acetate buffers at the indicated pH values, from stationary phase YT cultures of E. coli 1Ml09, carrying 
pCBS2. Sucrose hydrolasc assays were conducted at 30°C. [BJ. Temperature optimum (C) and stability (A) of 
sucrose hydrolase activity conferred on E. coli by pCBS2. CFEs were prepared in a CP buffer (pH 6) from 
stationary phase YT cultures of E. coli 1Ml09 carrying pCBS2. The temperature optimum was determined by 
assaying for sucrose hydrolase activity at the indicated temperatures. Temperature stability was determined by 
incubating CFEs at the indicated temperatures, for two hours, followed by sucrose hydrolasc assays conducted at 
30°C. 

The preliminary characterization of sucrose hydrolase activity was used to select conditions 

for subsequent assays. For these assays, CFEs were prepared in a CP buffer at pH6, and assays 
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were conducted at 30°C. This facilitated high levels of activity, without the risk of 

denaturation. 

The scrK gene product was proposed, on the basis of homology, to be a fructokinase of the 

ribokinase/pjkB sugar kinase family. Fructokinases of this family have been demonstrated to 

use ATP as a phosphoryl donor, and activity has been found to be dependent on the presence 

of divalent cations, with Mg2+ being commonly supplied in assays (Fennington and Hughes, 

1996; Sprenger and Lengeler, 1988). The aim of the work presented here, was to confirm that 

pCBS2 conferred ATP/Mg2+ dependent fructokinase activity on E. coli and to characterize this 

activity with respect to temperature. 

As expected pCBS2 conferred fructokinase activity on E. coli (Fig. 3.2). No fructokinase 

activity could be detected when ATP or MgC12 were omitted from the assay mixture, or for 

CFEs prepared from E. coli cells carrying pSK. In similar experiments, a low endogenous 

fructokinase activity has been reported for E. coli. Where detected, this endogenous activity 

did not interfere with the measurement of fructokinase activities conferred by cloned genes 

(Fennington and Hughes, 1996; Sato et al., 1993b). In the present study, no such endogenous 

fructokinase activity was observed for E. coli. It is possible that the dilution factor required to 

bring the scrK encoded fructokinase activities into a measurable range, was so great, that 

when equivalent dilutions were made with CFEs from E. coli cultures carrying pSK, the low 

endogenous fructokinase activity was diluted below the level of detection. 

Fructokinase activity was characterized with respect to temperature but not pH, because 

changes in pH would have affected the activity of the auxiliary enzymes. Maximum 

fructokinase activities were recorded between 20 and 35°C, and did not vary greatly within 

that range (Fig. 3.3). In terms of temperature stability, fructokinase activity was found to be 

unstable, particularly when exposed to temperatures higher than 20 ° C for two hours. 

Subsequent fructokinase assays were conducted at 20°C ,which facilitated relatively high 

levels of activity, while minimizing enzyme denaturation. 
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Fig. 3.2 Accumulation of fructose-6-phosphate, as a result of fructokinase activity conferred on E. 
coli by pCBS2. CFEs were prepared from stationary phase YT cultures of E. coli JM109 carrying 
pCBS2. Fructokinase assays were also conducted in the absence of either MgCh or ATP and in both 
cases, no detectable activity was observed. Fructokinase activity was also not observed for CFEs from 
stationary phase YT cultures of E.coli JM109 carrying pSK. 
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Fig. 3.3 [A] Temperature stability (0) and [BJ optimum (A) of fructokinase activity conferred on E. 
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optimum was determined by assaying for fructokinase activity at the indicated temperatures. 



87 

3.4.2. Expression of sucrose hydrolase and fructokinase activities in C. beijerinckiL 

Having established appropriate conditions under which the scrB and scrK encoded sucrose 

hydrolase and fructokinase activities could be assayed, the equivalent activities were 

investigated in C. beijerinckii. The primary objective was to examine the regulation of these 

activities in response to supplied carbohydrates. In a preliminary experiment, however, the 

localization of sucrose hydrolase activity expressed by C. beijerinckii was investigated. 

C. beijerinckii cultures were grown in the presence of 0.25% (w/v) sucrose to 00600 = 0.4. 

Both cells and the extracellular medium were processed for sucrose hydrolase assays. No 

activity could be detected in the extracellular medium. The CFE was separated into membrane 

and cytosol fractions by ultracentrifugation. Each component was assayed for sucrose 

hydrolase activity. The activities were expressed as a percentage of that present in the CFE, 

prior to ultracentrifugation. Only a small proportion (<5%) of the original sucrose hydrolase 

activity was associated with the membrane fraction, while 900/o was identified in the cytosolic 

component. These data are consistent with the presence of an intracellular sucrose hydrolase 

in C. beijerinckii. 

In order to establish whether sucrose hydrolase and fructokinase activities were regulated, C. 

beijerinckii cultures were grown to 00600 = 0.4, in the presence of sucrose, glucose, fructose, 

maltose and xylose. CFEs were then prepared and assayed for sucrose hydrolase and 

fructokinase activities. Both activities were induced in the presence of sucrose, but were low 

or absent where cells were grown on the remaining carbohydrates (Fig. 3.4). PEP-dependent 

sucrose phosphorylation activity has also been found to be induced in sucrose-grown C. 

beijerinckii cells, but not in xylose- or fructose-grown cells (personal communication from 

Tangney and Mitchell, Department of Biological Sciences, Heriot-Watt University, 

Edinburgh). Clearly, enzyme activities associated with sucrose metabolism are regulated and 

it is likely that sucrose or a sucrose metabolite acts as an inducer of these activities. These 

results do not, however, indicate the extent to which other carbohydrates may be involved in 

the repression of sucrose hydrolase and fructokinase activities. This prompted an investigation 

of glucose-mediated repression of sucrose metabolism. 
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3.4.3. Glucose-mediated repreuion of sucrose utilization in C. beijerinelcii 

The possibility that glucose exerted a negative effect on the C. beijerinckii sucrose utilization 

system, was investigated. The experimental design will be considered briefly. Precultures 

were grown to an 00600 of 0.15 in CMM broth, containing 6.5mM sucrose. Precultures were 

then subcultured into CMM broth, containing either sucrose or glucose or both· glucose and 

sucrose. Glucose was supplied at a concentration of 13mM and sucrose at 6.5mM. This 

ensured that the total amount of carbohydrate supplied as the monosaccharide glucose, 

approximated the total amount supplied as the disaccharide sucrose. Carbohydrate 

concentrations were referred to as a percentage of that originally supplied, where 100% was 

equivalent to 13mM glucose or 6.5mM sucrose. Since conditions in batch culture change 

during growth, the parameters being monitored viz: culture medium carbohydrate 

concentration, sucrose hydrolase and fructok.inase activities, were assayed from early to late 

growth stages (Fig. 3.5). 
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Growth in the mixed glucose/sucrose culture increased to a maximum 00600 of 1.4 units, 

while growth on either carbohydrate alone reached a maximum 00600 of 0.9 units (Fig. 3.5). 

Assays of carbohydrate depletion for the mixed glucose/sucrose culture indicated that 

although glucose and sucrose were utilized simultaneously, glucose was the preferred 

carbohydrate. This is particularly clear if the levels of carbohydrate remaining in the medium 

are compared after eight hours of growth (Fig. 3.5). Where glucose and sucrose were present 

alone, only 20% of each carbohydrate remained after eight hours. In the mixed 

glucose/sucrose culture, however, approximately 20% of the original glucose remained, as 

opposed to 60% of the original sucrose. 

Similar experiments have been conducted previously (Mitchell et al., 1995). The study 

indicated that preculture conditions influenced glucose-mediated repression of sucrose 

utilization. If precultures were prepared with glucose as the sole carbohydrate, subsequent 

repression of sucrose utilization in a mixed sucrose/glucose medium was almost complete. If 

precultures were prepared with sucrose as the sole carbohydrate, then sucrose and glucose 

were initially metabolized at the same rate, however, as growth proceeded, sucrose utilization 

was retarded and resumed only after glucose depletion. Together, the results reported by 

Mitchell et al. (1995) and those presented in the present study, demonstrate that glucose exerts 

a negative effect on sucrose utilization, however, the extent to which this occurs varies under 

different conditions. Where the sucrose utilization system is initially uninduced, glucose

mediated repression appears to be absolute (Mitchell et al., 1995). Where the sucrose 

utilization system is induced, glucose-mediated repression is manifest either as a delayed 

repression of sucrose utilization, as reported by Mitchell et al. ( 1995), or as a decrease in the 

rate of sucrose utilization, as reported here. Reasons for the subtle differences between the 

results observed by Mitchell et al. (1995) and those observed here, are not immediately 

obvious. It is possible that the differences are the result of a complex set of catabolite 

repression mechanisms, which may be sensitive to small changes in the growth environment. 

An important part of assessing the effect of glucose-mediated repression on sucrose 

utilization, was to determine the effect of glucose on sucrose hydrolase and fructokinase 

activities. In cultures grown on sucrose alone, sucrose hydrolase and fructokinase activities 

were initially relatively high but dropped rapidly during growth (Fig. 3.5). This may reflect the 

fact that the concentration of extracellular inducer (sucrose) dropped rapidly during growth. 

Where sucrose-grown precultures were inoculated into media containing glucose as the sole 
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carbohydrate, only low levels of sucrose hydrolase and fructokinase activities were observed. 
~ 

Where sucrose-grown precultures were inoculated into media containing both glucose and 

sucrose, initial sucrose hydrolase and fructokinase activities were less than half the values 

observed for cultures grown on sucrose alone (Fig. 3.5). This correlated with the fact that 

sucrose was depleted more slowly in the mixed glucose/sucrose culture and indicates that a 

mechanism facilitating glucose-mediated repression of these activities exists. 

3.5. CONCLUSIONS 

A preliminary characterization of scrB and scrK encoded sucrose hydrolase and fructokinase 

activities, was carried out. This was conducted on extracts from E. coli cells carrying pCBS2, 

since in C. beijerinckii, several enzymes may have contributed to the same activity. The 

findings of this work essentially bear out what would be expected from scrB and scrK 

sequence analysis. The scrB gene conferred sucrose hydrolase, but not inulinase or levanase 

activity on E. coli. Sucrose hydrolase activity had a pH optimum slightly below pH 6 and a 

temperature optimum between 35°C and 40°C. The scrK gene conferred Mg2+/ATP 

dependent fructokinase activity on E. coli. This preliminary characterization was used to 

select conditions for subsequent assays and provides a starting point for further 

characterization of these enzymes. 

The possibility that C. beijerinckii expresses extracellular sucrose hydrolases was 

investigated. In cultures grown on 0.25% (w/v) sucrose, almost all sucrose hydrolase activity 

was intracellular, and no activity could be detected in the extracellular milieu. While this 

suggests that only intracellular sucrose hydrolases exist, it is possible that extracellular 

enzymes capable of sucrose hydrolysis are induced by substrates other than sucrose. Indeed, 

extracellular P-fructofuranosidases (inulinases) have been characterized for C. acetobutylicum 

strains IFP9 and ABKn8 (Efstathiou et al., 1986; Looten et al., 1987). In both cases the 

inulinases were induced by the presence of inulin and not sucrose, but were active against 

both substrates. 

Of the sucrose utilization systems discussed in the general introduction (section 1.3), almost 

all are regulated to some degree. Typically the systems are induced by sucrose, however, 

sucrose derivatives such as fructose may also act as inducers (Schmid et al., 1982; Sprenger 

and Lengeler, 1988). In the case of C. beijerinckii, sucrose hydrolase and fructokinase 
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activities were induced in sucrose-grown cells and were low or absent in cells grown on 

glucose, fructose, maltose and xylose. 

The degree to which glucose mediates repression of sucrose utilization, was investigated in 

mixed sucrose/glucose batch cultures. Although glucose and sucrose were co-metabolized, 

sucrose was used more slowly than when present as the sole carbon source, and both sucrose 

hydrolase and fructokinase activities were partially repressed. The mechanisms facilitating 

catabolite repression in C. beijerinckii, have not been elucidated, and it is entirely possible 

that the observed repression was exercised at several levels. One possible level could be 

inducer exclusion as a result of competition for common PTS intermediates. The scrA gene 

was proposed to encode an EIIBCScr protein. It is possible the EIIBScr domain is 

phosphorylated by a shared EIIA domain. If the shared EIIA is an EIIA o1c, as has been 

proposed for other bacterial EIIBCScr proteins (Blatch, 1990; Lengeler et al., 1982, Sprenger 

and Lengeler, 1988; Sutrina et al., 1990), competition for phosphorylated EIIA0
1c may result 

in preferential glucose uptake at the expense of sucrose uptake. Precisely such a mechanism 

has been proposed for the sucrose utilization system of B. subtilis (Sutrina et al., 1990). 

Glucose-mediated repression may act at other levels. An HPr(ser)kinase/HPr/CcpA mediated 

catabolite repression pathway has been characterized for several low-GC Gram-positive 

bacteria (Saier et al., 1996). While genes encoding CcpA-like prote~s have been cloned from 

C. acetobutylicum NCP 262 (Davison et al., 1995) and more recently from C. beijerinckii 

(Rafudeen, unpublished results, University of Cape Town, Microbiology Dept.) the existence 

of a CcpA-mediated catabolite repression pathway needs to be established before its role in 

sucrose metabolism can be considered. 
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CHAPTER4 

STUDIES ON TRANSCRIPTION OF THE scrARBK OPERON 

AND TARGETED DISRUPTION OF scrR AND scrB IN 
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4.1. SUMMARY 

Northern blot analysis indicated that the scrARBK genes were transcribed as an operon and 

that transcription was induced by the presence of sucrose. The operon was disrupted in C. 

beijerinckii, by targeted integration of plasmids into the scrR and scrB genes. Mutant strains 

carrying disrupted scrR and scrB genes were unable to grow where sucrose was supplied as 

the sole carbohydrate. This suggested that the scrARBK operon encoded the only sucrose 

utilization system in C. beijerinckii. In the strain carrying a disrupted scrR, expression off the 

scrA promoter occurred under non-inducing conditions. This indicated that the scrR gene 

product is a negative regulator of scrARBK transcription, and is therefore itself negatively 

autoregulated. 
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4.2. INTRODUCTION 

In almost all well characterized bacterial sucrose utilization systems, GalR-Lacl-like 

regulatory proteins play a role in transcriptional regulation. This has been clearly 

demonstrated in the cases of S. typhimurium, K. pneumoniae, V. alginolyticus and S. xylosus 

(Blatch and Woods, 1991; Gering and Brttckner, 1996; Jahreis and Lengeler, 1993). In the 

cases of L. lactis, S. mutans and P. pentosaceus, scrR genes are clustered with sucrose 

catabolic genes, suggesting an involvement in their regulation (Rauch and de Vos. 1992b; 

Sato et al., 1989) (GenBank accession numbers U46902 and L32093). 

Where regulation by ScrR proteins has been studied, negative regulatory mechanisms have 

invariably been proposed. These typically involve repression of transcription, in the absence 

of sucrose, as the respective ScrR proteins bind palindromic operator sites within or 

immediately downstream of the regulated promoters. The presence of sucrose, or sucrose 

derivatives, prevents repressor operator interaction and transcription proceeds. 

Evidence has already been presented indicating induction of sucrose hydrolase and 

fructokinase activities in C. beijerinckii, in response to sucrose. The overall objective of the 

work presented here, was to examine how this regulation was facilitated. The C. beijerinckii 

scrR specified a protein with distinct homology to GalR-Lacl-like regulatory proteins. In 

order to gain insight into the role that the scrR gene product might play, it was necessary 

firstly, to identify whether transcriptional regulation occurred, secondly, to identify 

transcriptional units within the scr gene cluster and thirdly, to establish whether the scrR gene 

product was responsible for the observed regulation. These three aspects were investigated by 

Northern blot analysis, using wild type C. beijerinckii strains, as well as strains in which the 

scrR and scrB genes had been disrupted. C. beijerinckii strains carrying disrupted scrR and 

scrB genes, were also used to establish the importance of the scr genes to sucrose metabolism 

in C. beijerinckii. 
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4.3. MATERIALS AND METHODS 

4.3.1. Bacterial strains media and plasmids. 

C. beijerinckii was cultured essentially as described in sections 2.3.1 and 3.3.1. except that 

Reinforced Clostridial Medium (RCM) (Difeo Laboratories, Detroit, USA) was also used. 

Where appropriate erythromycin was added at a final concentration of 10 µg/ml. 

E.coli CA474, a .?..c/857 lysogen of E.coli HBlOl (Wilkinson and Young, 1994) was used as 

a donor in transconjugation experiments and was cultured on Brain Heart Infusion (Blll) 

medium (Difeo Laboratories, Detroit, USA). E.coli JM109 was used for all cloning purposes 

and was cultured as described in section 2.3.1. Where appropriate, ampicillin and kanamycin 

were used at a final concentration of 1 OOµg/ml. Additional strain details are provided in 

Appendix A. 

Plasmids R702, pCTCl and pMTL30 were used for targeted integration experiments and have 

been described previously (Hedges and Jacob, 1974; Minton et al., 1990; Minton et al., 1993; 

Wilkinson and Young, 1994). Briefly R702 is an autonomous IncP plasmid able to facilitate 

plasmid mobilization in trans, and was used as a helper plasmid in transconjugation 

experiments. Plasmid R702 confers kanamycin resistance on E. coli. Plasmids pCTCl and 

pMTL30 carry oriT regions from the IncP plasmid RK2, Ema and Apa markers, and CoIB 1 

replicons, facilitating maintenance in Gram-negative strains. These two plasmids differ in that 

pCTCl also carries a pAM~l replicon, facilitating maintenance in Gram-positive strains. 

Additional plasmid details are provided in Appendix B. 

Plasmids pCBMUl and pCBMU3 are pMTL30 derivatives constructed for the disruption of 

the scrB and scrR genes respectively. Plasmid pCBMUl carries a 435bp fragment internal to 

scrB, while pCBMU3 carries a 456bp fragment internal to scrR. Details of plasmid 

construction are presented in Figure 4.1. 
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Fig. 4.1 Construction of plasmids for targeted disruption of the scrR and scrB genes. Thick horizontal 
lines correspond to C. beijerinckii DNA. Thin horizontal lines represent pEcoR251. Dotted horizontal 
lines represent pMTL30. Dashed horizontal lines represent pSK. pCBMUl was constructed for the 
disruption of scrB. A 435bp Ndel fragment internal to scrB was cloned from pCBS 1 into the Stul site 
of the pMTL30 MCS. The fragment encodes amino acids 162 to 330 of the 486aa deduced ScrB. 
pCBMU2 was initially constructed for the purposes of sequencing, by cloning the Hindll-Scal 
fragment from pCBS 1 into the Eco RV site of the pSK MCS. pCBMU3 was then constructed by 
cloning the Hindill-Pstl fragment from pCBMU2 into the equivalent sites of the pMTL30 MCS. 
pCBMU3 carries a 456bp fragment of C. beijerinckii DNA encoding amino acids 98 to 249 of the 
33laa deduced ScrR. Only those restriction endonuclease sites used in the construction of pCBMUl , 
pCBMU2 and pCBMU3 are shown. 

4.3.2. Targeted integration of plasmids into the C. beijerinckii genome 

The targeted integration system developed by Wilkinson and Young (1994), was reviewed in 

section 1.1.4. The technique used pMTL30 derivatives, carrying short regions of C. 

beijerinckii 'target' DNA, which were mobilized from E. coli CA474 to C. beijerinckii. Since 

pMTL30 lacked a Gram-positive replicon, maintenance in C. beijerinckii was dependent on a 

homologous recombination event between the ' target' DNA and its equivalent on the C. 

beijerinckii genome. The EmR marker of pMTL30 facilitated selection of C. beijerinckii 

transconjugants. Incubation at 42 ° C counter-selected the donor strain by induction of a 'A 

prophage. 

E. coli donor strains, containing R702 and the respective pMTL30 derivative, were grown to 

stationary phase in BHI broth, supplemented with ampicillin (1 OOµg/ml) and kanamycin 

(IOOµg/ml). Recipient C. beijerinckii cultures were grown in CBM broth, to an OD6oo of 

between 0.6 and 1.2. Donor and recipient strains were mixed by the addition of 0.2ml donor 
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culture to 2ml recipient culture. The cells were recovered by centrifugation and plated onto 

RCM plates. The plates were incubated anaerobically, overnight, at 30°C. Accumulated 

bacteria were then resuspended in 700µ1 volumes of CBM and plated onto CBM agar plates, 

containing 1 Oµg/ml erythromycin. Overnight anaerobic incubation at 42 ° C facilitated 

counter-selection of the donor strain, while the presence of erythromycin facilitated the 

selection of C. beijerinckii transconjugants. Viable counts of recipient bacteria were obtained 

on CBM plates, in the absence of selective antibiotics. Frequencies of plasmid establishment 

were recorded as the number of transconjugants per recipient. 

4.3.3. Preparation of total RNA from C. beijerlnckii 

C. beijerinckii cells were harvested from 30ml culture volumes by centrifugation. Cell pellets 

were then resuspended in 500µ1 aliquots of a 0.3M sucrose/0.0lM sodium acetate solution 

(pH 4.5). In each case, a 500µ1 aliquot of a 2% SDS/O.OlM sodium acetate solution (pH4.5) 

was added and the mixture was maintained at 65 ° C for 1.5 minutes. Water-saturated phenol 

(lml per sample) was then added and the samples were mixed and maintained at 65°C for a 

further 3 minutes. The samples were then cooled at -78 ° C for 15 seconds. Aqueous phase 

recovery was achieved by centrifugation (10000 rpm for 5min in an eppendor:f® 5415C 

microfuge). Two further hot phenol extractions were conducted. This was followed by ethanol 

precipitation of DNA and RNA and resuspension in a 200µ1 volume of a 20mM sodium 

acetate/I OmM MgCJ./l OmM NaCl solution (pH4.5). DNA was removed using DNAse I 

(30U/per sample) (Boehringer Mannheim). The remaining RNA was ethanol precipitated and 

resuspended in distilled water. RNA samples were stored at -70° C. 

4.3.4. Northern blot analysis 

Denaturing agarose gel electrophoresis of RNA was conducted as described by Sambrook et 

al., (1989). RNA was then capillary transferred for nine hours onto positively charged nylon 

membranes (Boehringer Mannheim), using a 0.05M NaOH solution as a transfer medium. 

DIG-labelled RNA probes, specific for the transcripts of the scrA, scrR, scrB and scrK genes, 

were prepared using the Boehringer Mannheim RNA labeling kit (Catalogue no: 1175 025). 

Hybridization and Detection of DIG-labeled RNA probes was conducted according to 

standard techniques specified by Boehringer Mannheim. 
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4.4. RESULTS AND DISCUSSION 

4.4.1. Northern blot analysis of scrA, scrR, scrB and scrK expression. 

The fact that the scr genes were clustered and present in the same orientation on the C. 

beijerinckii genome, raised the possibility that they may be transcribed as an operon. 

Furthermore the presence of scrR, specifying a GalR-Lacl-like regulatory protein, suggested 

that scr gene expression would be transcriptionally regulated. Experimental evidence was 

required in order to assess these proposals. Northern blot analysis was selected, since it would 

unequivocally identify transcriptional coupling, and would also provide evidence for 

transcriptional regulation. Although primer extension analysis was considered, it was reserved 

for future work, since failure to identify a transcription initiation site would not unequivocally 

indicate the absence of such a site in vivo. In addition, continued difficulties were being 

experienced in the cloning of the 5' -region of the scr gene cluster (section 2.4.5). The cloning 

of this region was required before a complete primer extension analysis could be conducted. 

Probes specific for the scrA, scrR, scrB, and scrK transcripts were hybridized against RNA 

extracted from C. beijerinckii cells grown on sucrose, glucose, fructose, xylose and maltose. A 

predominant 5.0kb transcript was identified by each of the scr probes in RNA isolated from 

sucrose-grown cells (Fig. 4.2). An equivalent transcript was not identified in RNA extracted 

from cells grown on glucose, fructose, xylose or maltose. It is important to note that not only 

do all scr probes identify a transcript of the same size, but the size of the transcript (5.0kb) 

correlates with the size of the four genes involved (4946bp separate the putative initiation and 

termination codons of the scrA and scrK genes respectively). These data confirm that the scr 

genes are expressed as an operon and that transcription is induced by sucrose. The findings 

also correspond with observations made at the physiological level, where sucrose hydrolase 

and fructokinase activities were induced by sucrose. PEP-dependent sucrose phosphorylation 

has also been found to be induced by sucrose (personal communication from Tangney and 

Mitchell, Department of Biological Sciences, Heriot-Watt University, Edinburgh). The fact 

that the scr genes are transcribed as an operon is important in the context of regulation. It 

indicates that the entire operon is transcribed off the scrA promoter(s), which must therefore 

be the site at which transcriptional regulation occurs. 
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Panel A Panel B Panel C Panel D 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

5.0kb- ... 5.0kb- ... 5.0kb- ..... 5.0kb 
' 

23S- 23S- 23S- 23S -

.. 

16S- 16S- 16S- 16S -
if"1' • • .. l.lkb 

Fig. 4.2 Northern blot analysis of the C. beijerinckii scrARBK operon. Panels A, B, C, and D represent Northern blots conducted with probes specific for 
the scrA, scrR, scrB and scrK transcripts respectively. The five lanes in each panel represent RNA extracted from wild type C. beijerinckii cells, grown 
to logarithmic phase in CMM medium, containing 0.25% w/v of the respective carbohydrate: (1) Sucrose (2) Glucose (3) Fructose (4) Xylose (5) 
Maltose. 
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In addition to the predominant 5.0kb transcript, other distinct signals are also present. In lanes 

representing RNA isolated from sucrose-grown cells, signals corresponding in size to the 16S 

and 23S ribosomal RNA species are present. It is likely that these signals represent scr operon 

mRNA co-migrating with high concentrations of ribosomal RNA. This explanation does not, 

however, account for a 1.1 kb transcript identified with the scrK probe (Fig. 4.2, Panel D). 

This transcript is smaller than the 16S RNA species and although it is constitutively 

expressed, its intensity is significantly greater in RNA from sucrose-grown cells. The 

transcript could be accounted for in several ways. It could represent a second distinct gene 

with homology to scrK, or a processed derivative of the 5.0kb scr mRNA transcript. The fact 

that the 1. lkb transcript is expressed in the absence of the 5.0kb transcript argues against the 

latter. Possibly the most likely explanation is that it represents an additional scrK transcript, 

transcribed off a promoter within the scr operon. This is tentatively supported by the fact that 

a putative promoter sequence (TTGACA-N17-TATATI) was identified -130 to -156bp 

upstream of the proposed scrK initiation codon (Chapter 2, Fig. 2.6). 

4.4.2. Targeted disruption of scrR and scrB in C. beijerlnckli. 

In order to investigate the role of the scrR gene product in transcriptional regulation, and 

establish the importance of the scr operon to sucrose metabolism, the scrR and scrB genes 

were disrupted in C. beijerinckii. This was achieved using the targeted integration system of 

Wilkinson and Young (1994), as described in Materials and Methods. C. beijerinckii strains 

carrying disrupted scrR and scrB genes were designated CBSCRR and CBSCRB respectively. 

Frequencies of non-replicative plasmid establishment are presented below (Table 4.1) 

Table 4.1. Frequencies of plasmid establishment in C. beijerinckii after conjugative 
mobili7.ation from E. coli 

Plasmid Size of C. beijerinckii Replication Frequency per 

pCTCl 
pCBMUl 
pCBMU3 

fragment carried (hp) recipient 

435 
456 

+ 2.6 x 10-7 

1.2 x 10·10 

3 x 10·9 
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Wilkinson and Young (1994) reported the establishment of non-replicative plasmids at 

frequencies of between 2.6 x 10·7 to 1.7 x 10-6 per recipient In this study, significantly lower 

frequencies were recorded (Table 4.1). This may reflect the fact that conjugation was conducted 

directly on RCM agar plates, as opposed to being conducted on cellulose filters placed on RCM 

plates. Whilst the approach used in this study was found to be more convenient, it may have lead 

to an overall decrease in conjugation efficiency. It should be noted that the values reported in 

Table 4.1 were obtained from a single experiment. Having obtained the desired mutants, an 

investigation of plasmid establishment in itself was deemed unnecessary. 

Southern blot analysis was used to verify that the scrR and scrB genes had been disrupted in C. 

beijerinckii CBSCRR and CBSCRB respectively. Before considering the results of the Southern 

blot analysis, the various possibilities need to be considered. Wilkinson and Young (1994) 

reported that targeted integration most likely occurred via a Campbell-like recombination event 

between the target DNA, carried by the non-replicative plasmid, and its equivalent on the C. 

beijerinckii genome. In addition, Wilkinson and Young (1994) reported the establishment of 

single integrated plasmids, as well as the amplification of integrated plasmids (Fig. 4.3). The two 

alternatives would yield different results on Southern blot analysis. 

A hypothetical Southern blot analysis will be considered where the 'target' DNA is prepared as a 

probe and hybridized against Hindlll digested chromosomal DNA (A single Hindlll site exists in 

pMTL30). In the case of a single integrated plasmid, two fragments would be identified (Fig. 4.3). 

These would be the left junction fragment (containing plasmid DNA, target DNA and adjacent 

chromosomal DNA) and the right junction fragment (containing only target DNA and adjacent 

chromosomal DNA) (Fig. 4.3). If multiple tandem repeats of the plasmid were present, three 

fragments should be identified. These would be the left junction fragment (containing plasmid 

DNA, target DNA and adjacent chromosomal DNA), multiple copies of the integrated plasmid 

(containing only plasmid and target DNA) and the right junction fragment (containing only target 

DNA and the adjacent chromosomal DNA) 
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Fig. 4.3 Schematic representation of pMTL30 derivatives integrated into the C. beijerinckii genome. Thin lines 
represent pMTL30 DNA. The 'target' DNA carried by pMTL30 and its equivalent on the C beijerinckii genome 
are represented by tilled black lines. Open horizontal lines represent C beijerinckii genomic DNA. A single 
HindIII site is present in the pMTL30 MCS. [A.] Campbell-like recombination event between the target DNA 
and its equivalent on the C beijerinckii genome. [B.] The product of a single integration event, with a duplicated 
target area and hypothetical fragments generated after digestion with HindIII. [C.] The result of multiple 
insertions into the genome of C beijerinckii and hypothetical fragments generated after digestion with HindIII. 

As indicated above, Southern blot analysis was used to verify scrB and scrR disruption in C. 

beijerinckii CBSCRB and CBSCRR respectively. For the analysis, probes were prepared from the 

scrB and scrR 'target' regions (Fig. 4.1). These probes were hybridized against Hindlll digested 

chromosomal DNA from wild type and ~utant C. beijerinckii strains. Both probes hybridized to 

an equivalent 3.9kb fragment in C. beijerinckii wild type DNA (Fig. 4.4). In the case of the 

CBSCRB mutant strain, the scrB 'target' probe hybridized to three fragments. These correspond 

to a left junction fragment (7 .6kb ), multiple copies of pCBMUl ( 4.Skb) and a right junction 

fragment (1.2kb) (Fig. 4.4). It is possibly worth noting that the 7 .6kb fragment corresponds to 



104 

plasmid pCBS3, rescued from the genome of CBSCRB (Section 2.4.4). In the case of the 

CBSCRR mutant strain, the scrR 'target' probe hybridized to three fragments. These 

correspond to a left junction fragment (6.4kb), multiple copies of pCBMU3 (5.lkb) and a 

right junction fragment (2.4kb ). These results are consistent with the presence of multiple 

tandem copies of non-replicative plasmids integrated into the scrR and scrB genes 

respectively. It should also be noted that since the scrARBK genes are transcribed as an 

operon, disruption of either scrR or scrB genes would disrupt the transcription of downstream 

genes. 

Panel A Panel B 
Al A2 Bl B2 B3 B4 

.6kb 

3.9kb 

l.2kb 

Fig. 4.4 Southern blot analysis of C. beijerinckii strains carrying disrupted scrB and scrR genes. Differences in 
signal intensity are most likely due to the presence of multiple copies of integrated plasmids, and differences in 
the extent to which large and small fragments are transferred by capillary blotting. 
Panel A represents a Southern blot using the scrB 'target' DNA, carried by pCBMUl, as a probe. Lanes Al and 
A2 represent HindIII digested chromosomal DNA from C. beijerinckii wild type and CBSCRB strains 
respectively. 
Panel B represents a Southern blot using the scrR 'target' DNA, carried by pCBMU3, as a probe. Lane Bl 
represents HindIII digested chromosomal DNA from wild type C. beijerinckii. Lanes B2 to B4 represent Hind.III 
digested chromosomal DNA extracted from equivalent strains of C. beijerinckii CBSCRR. 

4.4.3. Effect of scrB and scrR disruptions on sucrose utilization by C. beijerinckii. 

The construction of C. beijerinckii mutant strains made it possible to assess whether the scrARBK 

operon encoded the only sucrose metabolic pathway in C. beijerinckii. In other bacterial species 

such as B. subtilis, S. mutans and Z. mobilis, multiple sucrose metabolic pathways exist 

(Steinmetz, 1993; Tao et al., 1993; St. Martin and Wittenberger, 1979b; Poy and Jacobson, 1990; 

Wexler et al., 1993; Kannan et al., 1995). Indeed, individual pathways may be induced by 

different sucrose concentrations, for example the B. subtilis PTS-dependent sucrose metabolic 
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pathway is induced at sucrose concentrations of less than lmM while the fructosyltransferase 

(levansucrase) pathway is induced at concentrations over 30mM (Steinmetz et al., 1989). In order 

to determine whether C. beijerinckii possessed multiple sucrose metabolic pathways, the 

CBSCRB and CBSCRR mutant strains were inoculated onto glucose and sucrose CMM agar 

plates, supplemented with erythromycin (lOµg/ml). Glucose was supplied at a concentration of 

1 OmM, while sucrose concentrations ranged between 1 OmM to 1 OOmM. The plates were 

incubated anaerobically at 37 ° C overnight. Both mutant strains grew on media containing 

glucose as the sole carbon source, however, neither could grow where sucrose was supplied as the 

sole carbon source. The result clearly indicated that an intact scr operon was essential for growth 

on sucrose. 

4.4.4. Northern blot analysis of scr operon expression in the scrB and scrR mutant strains. 

One of the primary objectives of this work was to assess the role of the scrR gene product in 

transcriptional regulation of the scr operon. The scrR gene specifies a protein with homology to 

GalR-Lacl-like regulatory proteins which typically act as transcriptional repressors. Therefore it 

would follow that disruption of scrR would result in constitutive expression of the scr operon. 

Northern blot analysis provided a convenient way of testing this. 

The analysis was conducted with a probe specific for the scrA transcript. This was done because 

scrA lies upstream of the scrR and scrB genes and would therefore not be subject to the polar 

effects of disruptions in either of these genes. Total RNA was extracted from wild type C. 

beijerinckii cells grown on 0.25% (w/v) sucrose, glucose and xylose. Since the C. beijerinckii 

CBSCRR and CBSCRB strains were unable to grow on sucrose, RNA could only be extracted 

from cells grown on 0.25% (w/v) glucose and xylose. 

As expected, in the case of the wild type C. beijerinckii strain, the scrA transcript was detected 

only in RNA from sucrose-grown cells (Fig. 4.5, Panel A). While the 5.0kb scr operon transcript 

was clearly visible, the signal corresponding in size to 16S RNA was more pronounced than 

previously observed (Fig. 4.5, Panel A). This may be accounted for by the fact that a different 

RNA preparation was used, which may have contained a higher proportion of degraded scr 

operon transcripts. In the case of the CBSCRR mutant, scrA transcripts were detected in RNA 

extracted from both glucose- and xylose-grown cells. Clearly, a disruption of scrR had resulted in 
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expression of the scr operon under non-inducing conditions. This result was consistent with the 

argument that scrR encoded a negative regulator of scr operon transcription. An equivalent of the 

5.0kb scr operon transcript was not present and transcripts with a wide range in size were 

detected (Fig. 4.5, Panel A). This would was not unexpected since the scr operon had been 

disrupted and transcription initiated at the scrA promoter would have extended into multiple 

tandem repeats of plasmids integrated into the scrR gene. In the case of the CBSCRB mutant, 

carrying a disrupted scrB, a scrA transcript was not detected. In this strain the scrR gene would 

still have been intact and its gene product would most likely still have repressed scr operon 

transcription. 

Panel A 

1234567 

11 

': 
5.0kb ...... 

235 

• 

Panel B 

1 2 3 4 5 6 

5.0kb -

23S 

16S 
I .!kb 

Fig. 4.5 Northern blot analysis of C. beijerinckii wild type, CBSCRR and CBSCRB strains. RNA was 
extracted from cells grown in CMM with carbohydrates supplied at 0.25% (w/v). 
Panel A Northern blot conducted with a scrA specific probe. Lanes 1 to 3 represent RNA extracted from 
wild type C. beijerinckii cells grown on (1) sucrose (2) glucose and (3) xylose. Lanes 4 and 5 represent 
RNA extracted from C. beijerinckii CBSCRR cells grown on (4) glucose and (5) xylose. Lanes 6 and 7 
represent RNA extracted from C. beijerinckii CBSCRB cells grown on (6) glucose and (7) xylose. 
Panel B Northern blot conducted with a scrK specific probe. Lanes 1 and 2 represent RNA extracted 
from wild type C. beijerinckii cells grown on (1) sucrose and (2) glucose. Lanes 3 and 4 represent RNA 
extracted from C. beijerinckii CBSCRR cells grown on (3) glucose and (4) xylose. Lanes 5 and 6 
represent RNA extracted from C. beijerinckii CBSCRB cells grown on (5) glucose and (6) xylose. 

While the initial northern blot analysis had indicated that the individual scr genes were 

transcribed as an 5.0kb operon, an additional l. lkb transcript was detected with a scrK specific 

probe (Fig. 4.2, Panel D). In the case of the CBSCRR and CBSCRB strains, northern blot 
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analysis, indicated that the l. lkb transcript was expressed, even when the scr operon had been 

disrupted (Fig. 4.S, Panel B). This demonstrated that expression of the 1. lkb transcript was not 

dependent on the presence of an intact scr operon. 

4.5. CONCLUSIONS 

Northern blot analysis demonstrated that the scrARBK genes were co-transcribed as a sucrose 

inducible operon. It follows therefore that transcriptional regulation must be exercised at the scrA 

promoter(s). The proposed scrR gene product (ScrR) had homology to members of the GalR-Lacl 

family of transcriptional regulators and was proposed to be involved in scr operon regulation. The 

role of the scrR gene product was investigated by construction of a C. beijerinckii strain carrying 

a disrupted scrR. In this strain, the scr operon was transcribed under non-inducing conditions. 

This confirmed that the scrR gene product played a role in regulation and suggested a negative 

regulatory mechanism. While the precise details of this mechanism remain unclear, analogy with 

other GalR-Lacl-like regulatory proteins, particularly the S. xylosus ScrR, suggests that in the 

absence of sucrose the C. beijerinckii ScrR may repress transcription by binding to imperfectly 

palindromic operator sites in the vicinity of the scr operon promoter. Such a site was identified 

(G~5A4A3.AiC/G' 1G'2T'3T'4T'5C'6) and lies between the putative scrA promoter and initiation 

codon (Chapter 2, Fig. 2.6) However, a detailed analysis of the scrA promoter region, followed by 

gel mobility shift assays, using purified ScrR, would be required to confirm the mechanism by 

which ScrR acts. 

In most other sucrose-utilization regulons, with the exception of L. lactis (Rauch and de Vos, 

1992b ), the corresponding scrR genes are independently transcribed. In contrast, the C. 

beijerinckii scrR is transcribed as part of the scr operon, and it follows that it is negatively 

autoregulated. The scrR gene product (ScrR) is likely to act at few, possibly only one, site in the 

genome. Therefore it would seem unnecessary for large amounts of ScrR to be synthesized as scr 

operon transcripts accumulate under inducing conditions. Indeed, if large amounts of ScrR were 

produced, it could conceivably lead to the repression of scr operon transcription, even in the 

presence of inducer. Therefore, it seems likely that other mechanisms may exist to limit the 

translation of scrR. Gram-positive bacteria are stringent in their requirements for high-level 

initiation of protein synthesis. In B. subtilis translational yield can be substantially reduced if 

ribosome-binding-sites and initiation codons are separated by less than 6bp (V ellanoweth and 

1 
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Rabinowitz, 1992). In the case of scrR, only 5bp separate the proposed ribosome-binding-site 

and initiation codon. It is possible that this sub-optimal spacing may limit translation of scrR. 

This in tum may allow for optimal expression of the scr operon, and the build-up of gene 

products other than ScrR, while the inducer is present. 

While Northern blot analysis indicated that scrK was part of the scr operon, an additional 
•' 

1. lkb transcript was identified with the scrK probe. Although this transcript appeared to be 

induced by sucrose, it was constitutively expressed at a low level. The transcript was also 

expressed in C. beijerinckii · CBSCRR and CBSCRB strains, indicating that an intact scr 

operon was not necessary for its expression. The 1. lkb transcript may represent the mRNA of 

an independent gene with homology to scrK. However, a likely explanation is that it 

represents an additional scrK transcript expressed off a promoter within the scr operon. 

Indeed, a putative promoter was identified upstream of scrK. It is not inconceivable that such 

a promoter could be a vestigial promoter, which facilitated expression of scrK prior to its 

association with the scr operon. 

The importance of the scr operon, to sucrose utilization by C. beijerinckii, was also 

established. This was achieved using C. beijerinckii strains CBSCRR and CBSCRB carrying 

disrupted scrR and scrB genes respectively. Both strains were unable to grow when sucrose 

was supplied as the sole carbohydrate. Since both scrR and scrB disruptions would have polar 

effects, caution should be exercised before attributing this result directly to the disrupted gene. 

What is clear, however, is that an intact scr operon is essential to sucrose metabolism. If other 

sucrose utilization systems exist, they are either not induced by sucrose, or are unable to act 

independently of the scr operon. 
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CHAPTERS 

GENERAL CONCLUSION 

During the study a sucrose utilization operon, scrARBK, was cloned and sequenced from C. 

beijerinckii NCIMB 8052. Sequence analysis indicated that the operon consisted of four genes 

proposed to encode an EIIBCScr PTS protein (ScrA), a GalR-Lacl-like transcriptional 

regulatory protein (ScrR), a sucrose-6-phosphate hydrolase of the glucosyl hydrolase family 

32 (ScrB) and a fructokinase of the ribokinase/pfkB family (ScrK). In the cases of the scrB, 

scrK and scrR genes, experimental evidence was presented to substantiate proposals made on 

the basis of sequence analysis, viz: scrB and scrK conferred sucrose hydrolase and 

fructokinase activity on E. coli, while disruption of scrR in C. beijerinckii resulted in 

constitutive expression of the scr operon. In the case of scrA, its deduced gene product had 

distinct homology with EIIBCScr proteins and its association with the scr operon strongly 

suggested a role in PTS-dependent sucrose uptake. The importance of the scr operon to 

sucrose metabolism in C. beijerinckii was demonstrated by the fact that disruption of the 

operon resulted in an inability to utilize sucrose. 

Regarding the question of induction of the sucrose utilization system by sucrose, equivalent 

effects were observed at the molecular and physiological levels. At the molecular level 

northern blot analysis indicated that the scr operon was transcriptionally induced in sucrose

grown cells but not in cells grown on other carbohydrates. At the physiological level it was 

demonstrated that sucrose hydrolase and fructokinase activities were induced in sucrose

grown cells but not in cells grown on other carbohydrates. This has also been found to be the 

case for PEP-dependent sucrose phosphorylation activity (personal communication from 

Tangney and Mitchell, Department of Biological Sciences, Heriot-Watt University, 

Edinburgh). The observed regulation is almost certainly mediated by the scrR gene product, 

since disruption of scrR resulted in expression of the operon under non-inducing conditions. 

The work presented in this thesis provides a basic molecular and physiological analysis of the 

C. beijerinckii sucrose utilization system. It seems appropriate that further work should focus 

on establishing the mechanisms by which sucrose metabolism is regulated. It was proposed 

that ScrR negatively regulates scr operon transcription, by binding to its promoter region in 
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the absence of sucrose. However, details of this mechanism need to be experimentally 

established. Mapping of the transcription initiation site for the scr operon, by primer extension 

analysis, would allow for a precise identification of the promoter region. Gel mobility shift 

assays using purified ScrR and the scr operon promoter region could then verify ScrR 

interaction with the scr operon promoter region. Gel mobility shift assays would also allow 

for the identification of ScrR operator sites and confirm that ScrR binds its operator sites in 

the unliganded state. Testing sucrose, glucose and fructose and their phosphorylated 

derivatives for their ability to prevent interaction of ScrR and its operator sites, would provide 

a means of identifying the in vivo inducer molecule. The issue of glucose mediated repression 

of the sucrose utilization system also requires further analysis. However, it is possible that 

glucose-mediated repression acts at several levels. The mechanisms facilitating catabolite 

repression in C. beijerinckii require further investigation before their effects on the sucrose 

utilization system can be established. 
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APPENDIX A 

Bacterial strains used in this study 

Strain Genetic characterlstic(s) Reference 

Eschericia coli 

JM109 recAJ end.Al gyrA96 thi hsdR17 Yanisch-Perron et al (1985) 
supE44 relA 1 '),; ii(_lac-proAB) (F', 
traD36 proAB lacflZ1M15) 

CA474 F Af:/857 hsdS20(rB_fDB_) supE44 Af:/857 lysogen of HB 101 
aro-14 galK2 lacYJ proA2 containing R702 
rpsL20(SmR) xyl-5 mtl-1 recA13 Wilkinson and Young 

(1994) 

Clostridium beijerinckii 

NCIMB 8052 Prototrophic Laboratory strain 

CBSCRB scrB::erm Insertion of pCBMUl in 
NCIMB 8052 

CBSCRR scrR::erm Insertion of pCBMU3 in 
NCIMB 8052 
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OllUI < Nott I Xmall 
8atXI < Sacl < Dlal 

1an11 I '!IJd 

Fig. Bl. Restriction map of Bluescript SK (Stratagene, San Diego) 
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Fig. B.2 Restriction map ofpEcoR251 (Zabcau and Stanley, 1982). 

113 



114 

Mp700I < HgW Ahal.: 3141 / Knell 
Taqll < Taqll < AltaU < H9W < [aol7I Pw1 

Sept<~ F'.,C <NI 
Nd < Mtll y.pt 

Bbvll < 3l500 < Oral < Pm1 &QI 

3000 < E:co4711 < Hall 
stul 

NII< 

pACYC177· 
3941bp 

Drall 

SOC>< E:ao31 I < o.ui 

Bani 

1800 
Mp700I 

...,.. < 1000< Alwti 

Hall < r.c.4711 < .... < Xcal < Aocl 
stul 

Sal < Awai I »d 
Clal 

2000 < Bani < Nrul 

Fig. B.3 Restriction map of pACYC177 (Chang and Cohen, 1978). 
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0 llcb 2kb 3kb 4kb Skb 6kb 
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[BJ 

Ace! 
Smal San »tol 

EcoRI Srtl Kpnl BamHI Xbal Aatll Miid BsnI Srul Prtl !ipld Hlncllll 
ATGACCATGA1TACGAA1TCGAGCTOOGTACCCOGGATCCTCl'AGAGTCGACGTCAOOCOTCCATOOAGATCTCGMlOCCTOCAOOCATGCAAGCn'OOCACTGG 
M T M I T L 

Fig. B.4 (A) Relationships between pMTL20E and its derivatives: pMTL30, pMTL500E and pCTCl (For 
complete details the following references should be consulted: Oultram et al. (1988); Williams et al. 
(1990a and b) and Minton et al. (1990). The construction of pMTL20E has been described previously 
(Oultram et al., 1988) and involved cloning the erythromycin resistance gene of the streptococcal plasmid 
pAMIH into the unique EcoRV site of pMTL20 (Chambers et al., 1988). Williams et al. (1990a) 
constructed pMTL30 by cloning the oriT region of RK2 into the unique Nhel(¢>) site of pMTL20E. 
Oultram et al. (1988) constructed pMTL500E by cloning the replication origin of the streptococcal pAMpl 
into the unique Nhel site of pMTL20E. Williams et al. (1990b) then constructed pCTCl by cloning the 
oriT site into the Pstl site of the MCS of pMTL500E. Restriction sites are denoted as follows: 0, Aval; 
C,BamHI, A,EcoRI, •.Hindlll; V ,Pstl, 'Y ,Pvull, <>, Nhel (adapted from Williams et al., 1990b) (B) 
Detailed representation of the multiple cloning site (MCS) of pMTL20 (Chambers et al., 1988). The 
encoded amino acid sequence of lacZ' is indicated below the illustrated nucleotide sequence. 
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Preparation of Clostridial Minimal Medium (CMM) 
(Modified from Clostridium acetobutylicum minimal medium (Long, 1984)) 

The following components were diluted in distilled water to a volume of I litre. 
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Carbohydrate source (sucrose, glucose, fructose, maltose or xylose) .................. Typically 2.5 g 
~ acetate .............................................................................................................................. 2 g 
Casein hydrolysate ................................................................................................................... 2 g 
Agar (for solid media only) ................................................................................................... 15 g 
MgS04.7H20 stock solution (20%, w/v) .............................................................................. I ml 
MnS04.4H20 stock solution (1 %, w/v) ................................................................................ I ml 
FeS04.7H20 stock solution (1 %, w/v) .................................................................................. I ml 
Para-aminobenzoic acid stock solution (0.1 %, w/v) ............................................................. I ml 
Thiamine.HCl stock solution (0.1 %, w/v) ............................................................................ I ml 
Biotin stock solution (0.02%, w/v) .................................................................................. 0.25 ml 
Salt stock solution (See below) ........................................................................................... 40 ml 
Resazurin stock solution (0.025%, w/v) ............................................................................... 2 ml 

After autoclaving, while still relatively hot, the following sterile solutions were added. 

NaHC03 stock solution (10%, w/v) ..................................................................................... lOml 
Cysteine stock solution (5%, w/v) ........................................................................................ lOml 

Liquid CMM was transferred directly to an anaerobic cabinet while solid CMM was allowed 
to solidify under aerobic conditions before being transferred to an anaerobic cabinet. In both 
cases media were allowed to equilibrate under anaerobic conditions for at least 12 hours 
before use. 

Salt stock solution: 
CaC12 (anhydrous) ................................................................................................................ 0.2 g 
MgS04.7H20 ........................................................................................................................ 0.2 g 
Dissolved in 300ml 

KH2P04 ................................................................................................................................... 1 g 
K2HP04 ................................................................................................................................... 1 g 
NaHC03 ................................................................................................................................ 10 g 
NaCl ........................................................................................................................................ 2 g 
Dissolved in 700ml 

The two solutions were added slowly together and neutralized to prevent formation of a 
precipitate 
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