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ABSTRACT 

In many Gram-negative enteric bacteria, vitamin B12-dependent reactions aid in the 

metabolism of small molecules and provide ATP for the bacteria. Propanediol 

dehydratase is such an enzyme that catalyzes the conversion of 1,2-propanediol to 

propionaldehyde, the initial step of the 1,2-propanediol degradation pathway. The 

presence of this enzyme has been reported in several species of enteric bacteria, although 

not in Escherichia coli, and the molecular structure, function and genetic regulation of 

the enzyme has been characterized extensively in Klebsiella oxytoca and Salmonella 

enterica. The existence of propanediol dehydratase activity has also been reported in 

some Gram-positive bacteria, including Propionibacterium freudenreichii, a member of 

the propionic acid bacteria. In this study, several strategies were taken to clone the genes 

encoding propanediol dehydratase from P. freudenreichii using the information already 

known about the large subunit of the enzyme from S. enterica. A genomic library of P. 

freudenreichii was constructed, but phenotypic screening for a clone harboring the genes 

was unsuccessful. Polymerase chain reaction with degenerate primers and the genomic 

DNA of P. freudenreichii as a template did not produce any amplified product. Southern 

hybridization using the gene encoding the large subunit of propanediol dehydratase from 

S. enterica as the probe gave a positive signal with the genomic DNA of P. 

freudenreichii. The isolated genomic DNA fragment was cloned and named A63. 

Analysis of both the nucleotide sequences and deduced amino acid sequences of the open 

reading frames in A63 did not reveal any identity with known B12-dependent 

dehydratases. Instead, the best homologies were found with non-B12-dependent 
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dehydratases and pyruvate formate-lyases from other bacteria. In addition to the putative 

propanediol dehydratase genes, the carbon utilization and antibiotic susceptibility 

patterns of P. freudenreichii were also characterized in this study.  
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CHAPTER I 

INTRODUCTION 

Vitamin B12 and its Coenzymes 

Vitamin B12, also known as cyanocobalamin (CNCbl), is not an active species, 

but rather it is converted to one of two coenzymes that are biologically active. 

Methylcobalamin (MeCbl) catalyzes methylation reactions by transferring a methyl 

group to and from the cobalt atom chelated within the cobalamin corrin ring. 

Adenosylcobalamin (AdoCbl) functions as a source of carbon-based free radicals, which 

facilitate a variety of reactions involving cleavage of carbon-carbon, carbon-oxygen and 

carbon-nitrogen bonds. Both coenzymes play essential roles in the metabolism of many 

organisms. In humans, MeCbl is involved in the methylation of L-homocysteine to L-

methionine, an important step in one-carbon metabolism, and AdoCbl is required for the 

isomerization of methylmalonyl-coenzyme A (-CoA) to succinate [27]. In many bacteria, 

vitamin B12 is required to support anaerobic fermentation of small molecules by 

catalyzing molecular rearrangements, generating both an oxidizable compound and an 

electron sink for use in balancing redox reactions [31]. In the Gram-negative enteric 

bacteria, AdoCbl-dependent dehydration of some 1,2-diols and 1,2,3-triols results in the 

formation of an aldehyde, which is further oxidized to provide ATP. In nonenteric 

bacteria, several AdoCbl-dependent mutases and aminomutases support fermentation of 

the amino acids L-glutamic acid, D-lysine, L-leucine, and D-ornithine [31].  
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B12-Dependent Enzymes 

AdoCbl-dependent enzymes catalyze reactions that can be divided into three 

classes involving: (i) carbon-skeleton rearrangements (class 1), (ii) heteroatom 

elimination reactions (class 2), and (iii) reactions involving intramolecular amino group 

migrations (class 3) [45]. Class 1 enzymes catalyze the migration of a hydrogen atom 

from one carbon atom of a substrate to an adjacent carbon atom in exchange for a group 

X that moves in opposite direction [27]. Four AdoCbl-dependent enzymes are known 

which are involved in such reactions: glutamate mutase, methylmalonyl-CoA mutase, α-

methyleneglutarate mutase and isobutyryl-CoA mutase. In many bacteria ribonucleotide 

reductase, involved in deoxyribonucleotide synthesis, is AdoCbl dependent. The most 

thoroughly studied ribonucleotide reductase of this type is from Lactobacillus 

leichmannii [27]. In class 2 enzyme-mediated reactions, X can be a hydroxyl group or an 

amino group, and water or ammonia is subsequently eliminated from the substrate. There 

are three well-studied enzymes in the class 2 group: propanediol dehydratase, glycerol 

dehydratase and ethanolamine ammonia-lyase [27]. Propanediol dehydratase and glycerol 

dehydratase catalyze similar reactions and can use each other’s substrates. Class 3 

enzymes are aminomutases and the least extensively studied. Three examples of 

aminomutases are known so far: L-β-lysine 5,6-aminomutase, D-ornithine 4,5-

aminomutase and L-leucine 2,3-aminomutase. These enzymes are mostly limited to the 

strictly anaerobic clostridia. Among MeCbl-dependent enzymes, methionine synthase 

(MetH) from Escherichia coli is the most thoroughly studied. The reaction involves the 
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transfer of a methyl group from N5-methyltetrahydrofolate to L-homocysteine. In 

methane-producing archaea and acetogenic eubacteria, MeCbl-dependent 

methyltransferases are involved in methyl transfer reactions between methylated 

substrates and coenzyme M similar to that catalyzed by methionine synthase [27]. B12-

dependent reductive dehalogenases play an important role in the detoxification of 

aromatic and aliphatic chlorinated organics in anaerobic environments [2]. The first 

dehalogenating organism to be isolated and characterized was Desulfomonile tiedjei. 

Other anaerobic organisms capable of reductive dehalogenation isolated so far include 

members of the genera Desulfomonile, Desulfitobacterium and Dehalobacter [2].  

 

B12-Dependent Eliminases (Class 2) 

Among AdoCbl-dependent eliminases, glycerol dehydratase and propanediol 

dehydratase catalyze the conversion of glycerol, 1,2-propanediol and 1,2-ethanediol to 

the corresponding aldehydes and water [9]. Both of these reactions are involved in the 

anaerobic utilization of small molecules. In the initial step, they generate an aldehyde 

through molecular rearrangement, which can be reduced (in glycerol fermentation) or 

dismutated to more oxidized and more reduced compounds (in 1,2-propanediol 

fermentation) by other enzymes. In enteric bacteria ethanolamine ammonia-lyase 

converts ethanolamine to acetaldehyde and ammonia, after which the aldehyde is 

dismutated to acetate and ethanol. ATP is generated in the acetate kinase reaction [31].  
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Both glycerol dehydratase and propanediol dehydratase enzymes are similar in 

molecular masses and substrate spectra but differ in monovalent-cation specificity, 

affinity for AdoCbl and substrate specificity [9]. The presence of these two enzymes has 

been reported in many Gram-positive and Gram-negative bacteria, including enteric and 

propionic acid bacteria, solventogenic clostridia and lactobacilli [47]. In enteric bacteria, 

AdoCbl-dependent glycerol or propanediol dehydratase has been reported in some strains 

of the genera Salmonella, Klebsiella, Enterobacter and Citrobacter [46]. Neither of these 

two enzymes was detected in E. coli. Among non-enteric bacteria glycerol dehydratase 

was detected in Clostridium pasteurianum, C. butyricum, Lactobacillus reuteri, L. brevis, 

and L. buchneri [9]. Propanediol dehydratase has been reported in Propionibacterium 

freudenreichii, a member of the propionic acid bacteria [46]. Ethanolamine ammonia-

lyase has been reported in E. coli, S. enterica, Rhodococcus sp. and Clostridium sp. [27].  

 

1,2-Propanediol Degradation Pathway 

1,2-Propanediol is a fermentation end product of the 6-deoxyhexose sugars L-

rhamnose and L-fucose, which are common in plant cell walls and are also found in the 

glycoconjugates of mammalian intestinal epithelial cells [9]. These sugars are 

metabolized in both E. coli and S. enterica by pathways that involve an isomerase, a 

kinase and an aldolase and form equimolar amounts of dihydroxyacetone phosphate 

(DHAP) and lactaldehyde [24]. DHAP is converted to pyruvic acid and incorporated into 

central carbon metabolism. But the fate of the lactaldehyde differs between the two 
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species. In presence of oxygen, E. coli converts lactaldehyde to lactate by nicotinamide 

adenine dinucleotide (NAD)-dependent lactaldehyde dehydrogenase (encoded by the ald 

gene) [24]. Under anaerobic conditions, lactaldehyde is reduced to 1,2-propanediol by an 

NAD-dependent propanediol oxidoreductase (encoded by fucO gene), and 1,2-

propanediol is excreted from the cell. None of these enzymes are cobalamin dependent. 

In contrast, Salmonella lacks the ald gene product and requires cobalamin to metabolize 

1,2-propanediol [21]. The metabolic pathway for 1,2-propanediol has been thoroughly 

studied in S. enterica (Figure 1.1). The initial step is carried out by AdoCbl-dependent 

propanediol dehydratase, which dehydrates 1,2-propanediol to propionaldehyde. 

Propionaldehyde is then oxidized to propionyl-CoA by propionaldehyde dehydrogenase. 

Propionyl-CoA can be utilized in two different ways depending on the availability of 

oxygen. Under aerobic conditions, it can be further metabolized to pyruvate by the 2-

methylcitric acid cycle encoded by the prpBCDE operon [20]. In this cycle propionate is 

first converted to propionyl-CoA through a reaction catalyzed by propionyl-CoA 

synthetase. In the next step 2-methylcitrate synthase catalyzes the conversion of 

propionyl-CoA to 2-methylcitrate, which is finally converted to pyruvate and succinate 

via 2-methyl-cis-aconitate and 2-methylisocitrate as intermediates [20]. Under anaerobic 

conditions, propionaldehyde can be reduced to 1-propanol, and propionyl-CoA is 

converted to propionyl phosphate by phosphotransacylase [31]. 1-Propanol is excreted 

into the medium, which provides the cells with an electron sink to help balance redox 

reactions during fermentative growth. In contrast, propionyl phosphate is cleaved by 
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propionyl kinase, producing ATP and excreting propionate. This anaerobic utilization of 

propionyl-CoA generates one molecule of ATP. As both 1-propanol and propionate are 

excreted, 1,2-propanediol does not provide a source of carbon under anaerobic conditions 

[14]. It only provides an electron sink [31] and a source for the production of ATP.  

 

Characterization of 1,2-Propanediol Utilization Genes 

The utilization of 1,2-propanediol is still a paradox in S. enterica, because 

Salmonella uses 1,2-propanediol as a sole source of carbon only under aerobic conditions 

when provided with exogenous cobalamin as a nutritional supplement [51], whereas 

vitamin B12 is synthesized only under anaerobic conditions and Salmonella cannot utilize 

1,2-propanediol as a carbon source, since both propionate and 1-propanol are excreted 

into the culture medium [14]. The cob operon, encoding 20 cobalamin biosynthesis 

genes, and the 21-gene propanediol utilization (pdu) operon are adjacent [4]. The two 

operons are located at 43–44 minutes on the genetic map [21], and together they 

comprise near 1% of the entire S. enterica chromosome. Induction of both operons by 

1,2-propanediol is regulated by the same protein, PocR, which is encoded by a gene 

situated between the two operons [51]. The fact that both operons are regulated by the 

same protein and the inability to utilize 1,2-propanediol under aerobic conditions have 

led investigators to believe that Salmonella synthesizes vitamin B12 to use as a cofactor 

for 1,2-propanediol utilization.  
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Genetic studies have shown that the pdu gene cluster is about 20 kbp in length 

and contains 23 genes: six genes encode enzymes involved in 1,2-propanediol 

degradation, two are involved in transportation and regulation, two are thought to be 

involved in enzyme reactivation, one is needed for the conversion of vitamin B12 to 

AdoCbl, seven share similarity to genes involved in carboxysome formation and five still 

have unknown functions [18]. The genes inferred from the DNA sequence are pocR, 

pduF, and pduABCDEGHJKLMNOPQSTUVWX [5]. The pduCDE genes encode 

AdoCbl-dependent propanediol dehydratase, with pduC encoding the large subunit, pduD 

encoding the medium subunit and pduE encoding the small subunit of the enzyme [4]. 

The PduGH proteins are thought to be involved in the reactivation of propanediol 

dehydratase. This assumption comes from the fact that the PduG and PduH proteins were 

found to be 92% and 87% identical to the DdrA and DdrB proteins of Klebsiella oxytoca, 

respectively, which are proposed to reactivate the propanediol dehydratase of K. oxytoca 

[5]. Both propanediol dehydratase and glycerol dehydratase can undergo irreversible 

inactivation by their respective substrates during catalysis [44]. This inactivation process 

involves irreversible cleavage of the Co–C bond of AdoCbl, forming 5´-deoxyadenosine 

and a modified coenzyme. Inactivation results from the tight binding of the modified, 

inactive cobalamin to the protein. The terminal gene pduX is found to be related to an E. 

coli gene of unknown function, yeeX [18]. Both pduP and pduQ are predicted to encode 

dehydrogenase enzymes [18]. The pduP gene encodes a hypothetical protein that is 

related to a CoA-dependent aldehyde dehydrogenase, and the PduQ protein may be 
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related to an alcohol dehydrogenase. Both aldehyde and alcohol dehydrogenases are 

involved in the propanediol degradation pathway. The pduW gene is thought to encode 

propionate kinase, which may be involved in the conversion of propionyl phosphate to 

propionate [18]. Seven genes pduA, pduB, pduJ, pduK, pduN, pduT and pduU have been 

proposed to encode proteins that are similar to carboxysome shell proteins. 

Carboxysomes, involved in CO2 fixation, are similar to polyhedral organelles reported in 

Salmonella. The latter organelles consist of a proteinaceous shell that encases AdoCbl-

dependent propanediol dehydratase and perhaps other enzymes. However, Salmonella 

polyhedral organelles and carboxysomes differ in a number of ways. Carboxysomes are 

known to enhance autotrophic growth at low CO2 concentration and encase most of the 

cell’s ribulose 1,5-bisphosphate carboxylase-oxygenase (RuBisCO) as studied in 

Halothiobacillus neapolitanus [20]. In contrast, polyhedral organelles found in S. 

enterica do not contain RuBisCO but consist of AdoCbl-dependent propanediol 

dehydratase and a protein shell composed of PduA protein with some other unidentified 

proteins [24]. The proposed function of these polyhedral organelles is to minimize 

propionaldehyde toxicity through control of AdoCbl availability. In addition to the genes 

involved in propanediol utilization, the pdu gene cluster also includes two other genes, 

pocR and pduF, encoding a positive transcriptional regulatory protein and a 1,2-

propanediol diffusion facilitator, respectively [5]. Both the cobalamin biosynthesis 

operon and the propanediol utilization operon are controlled by same PocR protein. The 

propanediol dehydratase genes have also been cloned and characterized from Klebsiella 
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oxytoca. The structural genes of propanediol dehydratase are located in the pdd operon, 

and the three subunits are encoded by pddA, pddB and pddC, respectively [42].  

Among Gram-positive bacteria, the pdu genes have been characterized in 

Lactobacillus collinoides [34]. Interestingly, the amino acid sequences of the PduC, 

PduD, and PduE subunits of L. collinoides propanediol dehydratase show highest identity 

with the corresponding PddA, PddB, and PddC subunits of K. oxytoca propanediol 

dehydratase: 62.7%, 56.1%, and 44.3%. Similar to enteric bacteria, at least seven pdu 

genes form an operon with the same gene organization that is found in S. enterica 

(pduABCDEGH), and a divergently transcribed gene upstream from the pdu promoter 

encodes a putative regulatory protein showing partial sequence identity with S. enterica 

PocR.  

 

Propanediol Dehydratase versus Glycerol Dehydratase 

Propanediol dehydratase has been characterized in S. enterica (PduCDE) and K. 

oxytoca (PddABC).  The other well-studied AdoCbl-dependent dehydratase is glycerol 

dehydratase, which catalyzes the conversion of glycerol to 3-hydroxypropionaldehyde as 

the first step in a fermentation pathway that produces 1,3-propanediol as the end product. 

The four key enzymes and corresponding genes in glycerol fermentation have been 

identified and characterized in Citrobacter freundii and Klebsiella pneumoniae [10]. The 

structural genes of glycerol dehydratase (dhaBCE) in C. freundii are part of the dha 

regulon, which also includes three other key enzymes (dhaD, dhaK and dhaT) of the 
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pathway. In K. pneumoniae, the structural genes for glycerol dehydratase are encoded by 

the gld operon. The three genes gldA, gldB and gldC were found to encode the large, 

medium and small subunits of the dehydratase [42]. Nucleotide sequence analysis of all 

structural genes in the pdu, pdd, dha and gld operons showed that the pduCDE genes 

from S. enterica are 93.8%, 91.8%, and 93.0% identical to the pddABC genes from K. 

oxytoca; 69.4%, 61.8%, and 57.4% identical to the dhaBCE genes from C. freundii; and 

71.1%, 61.3%, and 56.2% identical to the gldABC genes from K. pneumoniae [4]. 

Besides these sequence similarities, it was also reported that, in K. pneumoniae, the same 

glycerol dehydratase could also convert 1,2-propanediol to propionaldehyde and 1,2-

ethanediol to acetaldehyde [42]. These observations strongly suggest that glycerol 

dehydratase and propanediol dehydratase are isofunctional enzymes. Toraya and Fukui 

[43] showed that two separate dehydratases exist in K. pneumoniae ATCC 25955, which 

convert 1,2-propanediol and glycerol to their respective aldehydes. Both enzymes require 

AdoCbl for their activity, but rabbit antiserum raised against the glycerol dehydratase of 

K. pneumoniae ATCC 25955 failed to cross-react with antiserum raised against the 

purified propanediol dehydratase from K. pneumoniae ATCC 8724 in the Ouchterlony 

double diffusion test [43]. In addition, the two enzymes were distinguishable by their 

patterns of monovalent-cation selectivity and substrate specificity. Both of these enzymes 

converted 1,2-propanediol, 1,2-ethanediol and glycerol to their corresponding aldehydes 

in vitro. However, glycerol was the preferred substrate of glycerol dehydratase whereas 

1,2-propanediol was the preferred substrate of propanediol dehydratase, as judged by the 
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initial velocities [43]. It was further demonstrated that cells grown in the presence of 1,2-

propanediol produced both enzymes while those grown on glycerol produced only 

glycerol dehydratase.  

 

Propionibacterium 

Propionibacteria are Gram-positive, non-sporulating, non-motile and mainly 

aerotolerant anaerobes. One of the characteristics of these bacteria is they produce large 

amounts of propionic acid during fermentation. The genus Propionibacterium includes 

two types: classical (or dairy) and cutaneous, also known as anaerobic coryneforms. 

Classical propionibacteria are mainly isolated from hard cheese, but they have also been 

reported to be isolated from spoiled olives, spoiled orange juice and anaerobic sewage 

[50]. Cutaneous propionibacteria usually inhabit normal human skin and also found in the 

intestinal tract. At present both classical and cutaneous propionibacteria are each 

classified into five species. The classical group includes P. freudenreichii, P. jensenii, P. 

thoenii, P. acidipropionici and P. cyclohexanicum. The cutaneous group includes P. 

acnes, P. avium, P. granulosum, P. lymphophilum and P. propionicum. P. freudenreichii 

subsp. shermanii together with P. freudenreichii constitute a separate cluster of classical 

propionibacteria in terms of cell-wall composition. This group has meso-diaminopimelic 

acid (meso-DAP) in contrast to the LL-DAP found in other species, and their main sugar 

in peptidoglycan is galactose, which in other species may be either glucose, galactose 

and/or mannose. Propionibacteria have high GC-type DNA: 65–67 mol% G+C content in 
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the classical group and 53–62 mol% G+C content in the cutaneous group. AdoCbl-

dependent propanediol dehydratase activity has been demonstrated in P. freudenreichii 

[46].  

 

Significance of the Study 

Salmonella species differ from other enteric bacteria in important aspects of 

cobalamin synthesis. Unlike Salmonella, most other species of enteric bacteria that carry 

out de novo cobalamin synthesis are able to do so aerobically as well as anaerobically, 

and the results of DNA hybridization analysis indicate that at least some cob gene 

sequences in Salmonella are not closely related to the analogous genes in other enteric 

bacteria [24]. Thus, the genes involved in both cobalamin synthesis and propanediol 

utilization in Salmonella appear to have been acquired by horizontal transfer after the loss 

of these genes from a common enteric ancestor [24]. Phylogenetic analysis of a 

conserved RNA structural element involved in the regulation of vitamin B12 metabolism 

and transport in bacteria led Vitreschak et al. [49] to suggest that the cob operons of 

enteric bacteria were likely transferred from the Gram-positive Bacillus/Clostridium 

group. Thus, it is of interest to compare propanediol dehydratase from S. enterica with 

similar enzymes from Gram-positive bacteria. In terms of cobalamin synthesis, 

Salmonella and Propionibacterium resemble each other in that the pathways in both 

organisms function under anaerobic growth conditions. Studies of the propanediol 

utilization genes in Propionibacterium freudenreichii will enable us to find out if the 
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genes are organized in the same manner as in other organisms, enabling us to search for 

evolutionarily conserved gene orders and sequences. The DNA sequence analyses should 

also indicate whether the genes are indigenous or were acquired by horizontal transfer, as 

indicated by both patterns of codon usage and GC content.  

 

Objectives 

The major objectives of this study are to:  

• construct a genomic DNA library for Propionibacterium freudenreichii ATCC 6207,  

• clone and characterize the P. freudenreichii propanediol dehydratase genes,  

• characterize the carbon-source utilization pattern of P. freudenreichii ATCC 6207, and  

• characterize the antibiotic sensitivity pattern of this organism.  
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Fig. 1.1. Metabolism of 1,2-propanediol.  
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CHAPTER II 

MATERIALS AND METHODS 

Culture Media and Growth Conditions 

Difco tryptic soy agar (Becton, Dickinson and Co., Sparks, Md.) and Luria-

Bertani broth (LB; 10 g of tryptone, 5 g of yeast extract and 5 g of NaCl per liter of 

distilled H2O) were used as the complex media for the routine cultivation of all bacterial 

strains. The NCN (no carbon and nitrogen) medium was used as the minimal medium to 

test the utilization of different nitrogen sources. NCN medium consists of 3 g of KH2PO4, 

6.95g of K2HPO4 and 1 liter of distilled water. MgSO4•7H2O (1 mM), D-glucose (0.25%) 

and the nitrogen source (0.1%) were added aseptically after autoclaving. Ampicillin was 

used at a concentration of 100 mg/ml unless otherwise indicated. Isopropyl-β-D-

thiogalactopyranoside (IPTG) was purchased from Gold BioTechnology, Inc. (St. Louis, 

Mo.), and 5-bromo-4-chloro-3-indolyl-β-D-galactoside (X-gal) was purchased from USB 

Corp. (Cleveland, Ohio). Four µl of a 200 mg/ml stock solution of IPTG and 40 µl of a 

20 mg/ml stock solution of X-gal were added per plate in making the X-gal ampicillin 

plates. All cultures of Propionibacterium freudenreichii ATCC 6207 were grown at 30°C 

in an anaerobic chamber (Model 1025; Forma Scientific Co., Marietta, Ohio) under an 

atmosphere of 3% hydrogen, 7% carbon dioxide and 90% nitrogen. All Escherichia coli 

and Salmonella enterica serovar Typhimurium LT2 cultures were grown at 37°C under 
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aerobic conditions in a rotary incubator shaker (Model G35, New Brunswick Scientific 

Co., Inc., Edison, N. J.) at 200 rpm.  

 

Construction of Genomic Library 

Isolation of genomic DNA 

Genomic DNA from P. freudenreichii was isolated as described in Ulrich et al. 

[47] with slight modifications. An isolated colony from an overnight culture of P. 

freudenreichii on tryptic soy agar was transferred to 30 ml of tryptic soy broth and was 

grown under anaerobic conditions at 30°C for 48 hours. Cells were centrifuged at 6,500 

rpm for 30 min at 4OC (Sorvall RC-5C Plus, Thermo Fisher Scientific, Waltham, Mass.) 

and the pellet was resuspended in 14 ml of 50 mM EDTA. Lysozyme (1.6 µl at a 

concentration of 100 mg/ml) was added, and the cells were incubated at 37°C for 45 min. 

The suspension was centrifuged at 14,000 rpm at 25°C for 1 min and suspended in 14 ml 

of nuclei lysis solution (Promega Corp., Madison, Wisc.). Three freeze-thaw steps were 

performed using a –80°C freezer and an 80°C water bath. Once the lysate was cleared, 90 

µl of RNase at a concentration of 4 mg/ml was added to the mixture, which was then 

incubated for 30 min at 37°C. Afterwards 4 ml of protein precipitation solution 

(Promega) were added, and the mixture was vortexed gently. The lysate was centrifuged 

at 14,000 rpm at 25°C for 10 min, and the supernatant was transferred to a clean 

centrifuge tube. Genomic DNA was precipitated by adding 1.5 volumes of isopropanol at 
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room temperature. DNA was pelleted by centrifugation at 14,000 rpm at 4°C for 10 min 

and then was washed twice with 70% ethanol.  

 

Partial digestion of genomic DNA by the restriction enzyme Sau3AI 

A total of 200 µg of genomic DNA was partially digested with Sau3AI following 

the manufacturer’s (Promega) instructions. The digestion was carried out in multiple 

tubes, each containing 10 µg of DNA. Each tube also contained 5 µl of appropriate buffer 

and 0.5 µl of bovine serum albumin, and the volume was adjusted to 50 µl with sterile 

distilled water. The enzyme was used at a concentration of 0.1 units per µg of DNA. The 

reaction was incubated at 37°C for 1 hr and terminated by heating at 65°C for 10 min. 

Samples from each digestion were analyzed by 0.7% agarose gel electrophoresis. The 

samples were precipitated with 0.1 volume of 3 M sodium acetate (pH 8.0) and 2 

volumes of cold 100% ethanol overnight at –20OC.  

 

Size fractionation using sucrose density gradients 

Partially digested DNA was size fractionated on a sucrose gradient following the 

procedure as described in Ausubel et al. [1]. To isolate DNA fragments greater than or 

equal to 10 kbp in length, a linear gradient of 10% to 40% sucrose was prepared in an 

SW-41 tube. Partially digested DNA was resuspended in 200 µl of STE buffer (10 mM 

Tris-Cl, pH 7.5; 10 mM NaCl; and 1 mM EDTA, pH 8.0) and heated at 65°C for 5 min 

before layering in two sucrose density gradient tubes. The gradients were centrifuged for 
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16 hr in an ultracentrifuge (Model L8-70, Beckman Coulter Inc., Fullerton, Calif.) at 

18,000 x g (30,000 rpm in an SW 55 Ti swinging-bucket rotor) and 20°C. Following 

centrifugation, 750-µl fractions were collected with a mechanical pipettor starting from 

the top of the gradient, and 30 µl from each fraction were analyzed by 0.7% agarose gel 

electrophoresis to identify the fractions containing DNA fragments greater than or equal 

to 10 kbp. These fractions were pooled and precipitated with 2 volumes of 100% ethanol 

as described above. The pellet was washed three times with 70% ethanol and resuspended 

in TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8.0). The concentration of the DNA 

was measured spectrophotometrically at 260 nm.  

 

Preparation of plasmid DNA 

The plasmid pBluescript II SK(+) was isolated from its host strain E. coli XL1-

Blue MRF´ (Stratagene, La Jolla, Calif.) using QIAGEN Plasmid Midi-Kits according to 

the manufacturer’s (QIAGEN Inc., Valencia, Calif.) instructions. The DNA was 

precipitated with 2 volumes of 100% ethanol as described above, washed twice with 70% 

ethanol and resuspended in TE buffer to a final concentration of 1 µg/ml. The plasmid 

DNA (10 µg) was digested with 10 units of BamHI (Promega) overnight at 37°C. The 

digested DNA was precipitated with 100% ethanol, washed with 70% ethanol, and 

resuspended in 10 µl of TE buffer, and 1 µl was analyzed by 0.7% agarose gel 

electrophoresis to determine the extent of digestion. Plasmid DNA was then 

dephosphorylated with Calf Intestinal Alkaline Phosphatase (CIAP) (Promega) in order 
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to prevent self-ligation. The reaction was carried out in a volume of 50 µl with 1 µg of 

DNA dissolved in 40 µl of Tris-HCl (10 mM Tris-HCl, pH 8.0). CIAP was used at a 

concentration of 0.09 units/µg of DNA. The reaction was and incubated at 37°C and then 

stopped by adding 5 µl of 50 mM EDTA and heating at 75°C for 10 min.  

 

Ligation and transformation 

The partially digested and size-fractionated genomic DNA that was 10 kbp or 

greater in size was ligated with dephosphorylated plasmid DNA by using T4 DNA ligase 

(Promega). In order to find the optimal ratio of plasmid DNA to genomic DNA, a small-

scale ligation reaction was done by using three different ratios of plasmid to genomic 

DNA, namely 1:3, 1:1 and 3:1. Based on the maximum number of transformants on the 

X-gal plates, an optimal ratio of plasmid to genomic DNA of 1:3 was used in the 

subsequent reactions. The appropriate concentrations of both genomic DNA and plasmid 

DNA were mixed with the required buffer and water in a total volume of 10 µl. The 

mixture was centrifuged briefly, 1 µl (3 units) of T4 DNA ligase was added, and the tube 

was incubated overnight at 4°C. The reaction was stopped by heating at 65°C for 15 min. 

The DNA in the reaction mixture was precipitated with ethanol as described above and 

then dissolved in10 µl of sterile water. The ligated products were transformed into 

electrocompetent cells of E. coli XL1-Blue MRF´ by electroporation using a Cell-Porator 

(BRL Life Technologies, Inc., Gaithersburg, Md.) with following settings: 330-µF 

capacitance, low-Ω resistance, medium charge rate, 4-kΩ voltage booster, and 2.0-kV 
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voltage. After electroporation, the cells were quickly transferred to Luria broth and 

incubated for 1 hr to allow expression. Later the cells were plated on X-gal ampicillin 

plates. Only the white colonies were selected as putative transformants containing 

genomic inserts. Colonies containing inserts were screened phenotypically for 1,2-

propanediol utilization on propanediol indicator medium, a modification of MacConkey 

agar consisting of 10 g of peptone, 2 g of yeast extract, 30 mg of neutral red, and 15 g of 

agar per liter of distilled H2O. Sterile 1,2-propanediol (1%) and vitamin B12 (1 ml of a 20 

µg/ml stock solution) were added aseptically after autoclaving.  

 

Cloning of Propanediol Dehydratase Genes from P. freudenreichii 

Construction of probe by PCR 

The DNA sequence encoding the PduC subunit of the propanediol dehydratase of 

S. enterica was selected as a probe for screening purposes. In order to amplify pduC by 

the polymerase chain reaction (PCR), two 26-nt primers were designed flanking the 5´ 

and 3´ end regions of the S. enterica pduC sequence. The primers used were:  

5´-ATGAGATCGAAAAGATTTGAAGCACT-3´  

and 5´-CTTAATCAATCTCGTTGGGATCAAGA-3´. The primers were synthesized by 

the Core Facility at the Center for Biotechnology and Genomics on the Texas Tech 

University campus. These two primers were used to amplify the pduC gene from S. 

enterica using Salmonella genomic DNA as the template. Each PCR reaction was carried 

out in the following mixture: 300 μl of Mg-free buffer (Promega), a 200-μM 
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concentration of each of the four deoxynucleoside triphosphates, 2.5 mM MgCl2, a 2-μM 

concentration of each of the two primers, 2 units of Taq polymerase (Promega), and 200 

ng of S. enterica genomic DNA. The reactions were initiated at 94°C (1 min); followed 

by 30 cycles of denaturation at 95°C (1 min), primer annealing at 55°C (1 min), and 

primer extension at 72°C (1 min); and ended with incubation at 72°C for at least 5 min. 

The size of the amplified product was confirmed by 0.7% agarose gel electrophoresis, 

and it was purified and precipitated with ethanol as described above. The DNA was 

dissolved in 20 µl of TE buffer, and the concentration was measured 

spectrophotometrically at 260 nm.  

 

Partial restriction digestion of P. freudenreichii genomic DNA 

Propionibacterium freudenreichii genomic DNA was partially digested with 

Sau3AI, BamHI and SalI (Promega). In each reaction, 100 µg of genomic DNA were 

digested following the procedure at 37°C described above, and the concentrations of 

Sau3AI, BamHI and SalI were 0.1, 1 and 1 unit per µg of DNA, respectively. For 

Sau3AI, the reaction was stopped after 1 hr of incubation, but for BamHI and SalI, the 

reactions were stopped after 2 hr of incubation. Both S. enterica and E. coli genomic 

DNA were also digested with the same enzymes as positive and negative controls, 

respectively.  
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Size fractionation by sucrose density gradient centrifugation 

Partially digested genomic DNA products were size-fractionated by sucrose 

density gradient centrifugation as described above. Each fraction was collected and 

analyzed by 0.7% agarose gel electrophoresis to identify the fractions containing DNA 

fragments that were 5–10 kbp or higher in size. The smaller fragments were discarded.  

 

Southern hybridization 

About 15 µl of the DNA sample from each selected fraction in the appropriate 

size range were separated by 0.7% agarose gel electrophoresis at 72 volts for 2 hr. The 

DNA fragments were transferred to a positively charged nylon membrane (Immobilon-

Ny+ Transfer Membrane, Millipore Corp., Billerica, Mass.) by the capillary transfer 

technique as described in Sambrook et al. [32]. The DNA fragments in the membrane 

were then hybridized with the non-radiolabeled, PCR-generated probe. Both the labeling 

reaction and hybridization were done using an Amersham Alkaline Phosphatase Direct 

Labeling System kit according to the manufacturer’s (GE Healthcare Bio-Sciences Corp., 

Piscataway, N. J.) instructions.  

 

Plasmid DNA isolation from selected clones 

BamHI-digested fragments of P. freudenreichii genomic DNA that were found to 

be homologous with the pduC sequence of S. enterica by Southern hybridization were 

ligated with previously BamHI-digested and dephosphorylated plasmid pBluescript II 
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SK(+) and transformed in to E. coli XL1-Blue MRF´ by electroporation. About 350 white 

colonies were chosen as putative transformants that might harbor the pduC gene of P. 

freudenreichii. Each clone was grown in 1.5 ml of Luria broth with 100 mg/ml of 

ampicillin at 37°C for 24 hrs with aeration. From these separately grown cultures, 35 

different pools were created by taking 150 µl from each of 10 different cultures and 

combining them in a single 1.5-ml microcentrifuge tube. Plasmid DNA from each pool 

was purified by the alkali lysis method [32]. The cells were pelleted by 

microcentrifugation at 13,000 rpm for 2 min. The pellet was resuspended in 15 µl of 

resuspension buffer (25 g of sucrose; 5 ml of 1 M Tris-HCl, pH 8.0; and 3 ml of 5 M 

NaCl in 100 ml of sterile distilled water), vortexed and incubated on ice for an initial 10 

min. Lysozyme (2 µl of a 100 mg/ml stock solution) was added, and the incubation on ice 

was continued for 5 min. EDTA (2.2 µl of a 0.5 M stock solution) was then added, and 

the incubation on ice was continued for an additional 10 min. Lysis buffer (5 ml of 1 M 

Tris-HCl, pH 8.0; 12.5 ml of 5 M EDTA, pH 8.0; 100 µl of Triton X-100 in 100 ml of 

sterile distilled water) was added in a volume of 21.2 µl, and the incubation on ice was 

continued for a final 10 min. The mixture was then microcentrifuged at 13,000 rpm for 

15 min. The pellet was discarded, and the supernatant was heated in boiling water for 

exactly 1 min and then quickly put on ice for 2 min. The tube was microcentrifuged at 

13,000 rpm for 5 min, and the supernatant was transferred in to a clean tube. After an 

initial precipitation with 0.5 volume of ammonium acetate and 2 volumes of 95% 

ethanol, plasmid DNA was extracted with an equal volume of phenol and chloroform in a 
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1:1 ratio. Subsequently the plasmid DNA was precipitated with 0.1 volume of 3 M 

sodium acetate and 2 volumes of 100% ethanol and resuspended in 20 µl of TE buffer.  

 

Screening of clones by DNA dot blotting 

After initial identification of the pool containing the desired gene, plasmid DNA 

from each individual clone in the pool was purified as described above. The plasmid 

DNA was transferred to the positively charged nylon membrane (Immobilon-Ny+ 

Transfer Membrane, Millipore Corp., Billerica, Mass.) by using a Bio-Dot dot blot 

apparatus (Bio-Rad Laboratories, Hercules, Calif.). Prior to blotting, the sample DNA 

was heated in a solution of 0.4 M NaOH and 10 mM EDTA with a total volume of 0.5 ml 

at 100°C for 10 min. The nylon membrane was presoaked in sterile distilled water. The 

membrane was assembled in the blotting apparatus according to the manufacturer’s 

instructions. The wells were vacuum-rinsed with 0.5 ml of TE buffer until they were 

empty but not dry. DNA samples in a volume of 0.5 ml were applied to the wells, and a 

vacuum was applied until the wells were just dry. The wells were further rinsed with 0.5 

ml of a solution containing 0.5 M Tris-HCl and 1.5 M NaCl. Finally, the membrane was 

dried at 80°C for 30 min, and the DNA was bound to the membrane by irradiation using 

an ultraviolet crosslinker (UVC 500, Hoefer, Inc., San Francisco, Calif.).  
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CHAPTER III 

RESULTS 

Utilization of carbon sources by P. freudenreichii 

In order to study the ability of P. freudenreichii to utilize different carbon sources, 

the Biolog Identification System was used. Each plate (GP2 MicroPlate™, Biolog, Inc., 

Hayward, Calif.) contains 95 different carbon sources. Two different plates were 

inoculated with a 24-hr culture of P. freudenreichii according to the manufacturer’s 

instructions, and one was incubated under aerobic and the other under anaerobic 

conditions at 30°C. The plates were read after 4–6 hr and 24 hr of incubation. The results 

are shown in Table 3.1. There were marked differences in the utilization of carbon 

sources between aerobic and anaerobic conditions. Some of the carbon sources, like 

dextrin, D-fructose, α-D-glucose, glycerol, L-lactic acid, pyruvic acid, and pyruvic acid 

methyl ester, were utilized in the same way under both aerobic and anaerobic conditions 

and also between 4–6 hr and 24-hr. Adenosine, acetic acid, D-alanine, L-alanine, L-

alaninamide, L-alanyl-glycine, L-asparagine, arbutin, D-galactose, D-gluconic acid, DL-α-

glycerol phosphate, α-hydroxybutyric acid, m-inositol, D-lactic acid methyl ester, D-

mannose, 3-methyl-D-glucose, propionic acid, D-ribose, salicin and Tween 40 were found 

to be utilized only under anaerobic conditions, among which acetic acid, L-alanine, L-

alanyl-glycine, D-gluconic acid, DL-α-glycerol phosphate, α-hydroxybutyric acid, D-

lactic acid methyl ester, D-mannose, propionic acid and D-ribose were utilized within the 
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first  4–6 hr of incubation. Propionibacterium freudenreichii preferred to utilize maltose, 

maltotriose, and sucrose only under aerobic conditions within 4–6 hr of incubation. Only 

two substrates, β-methyl-D-glucoside and D-psicose, were found to be utilized under 

aerobic conditions with 4–6 hr of incubation but under anaerobic conditions only after 24 

hr of incubation.  

 

Antibiotic susceptibility pattern of P. freudenreichii 

The purpose of this part of the study was to find selective markers to facilitate the 

study of genetics of this organism in the future. The antibiotic susceptibility pattern of P. 

freudenreichii was tested by inoculating 2 ml of tryptic soy broth (TSB), with each 

different antibiotic in a series of two-fold increases in concentration from 2 µg/ml to 512 

µg/ml with an overnight culture. Each tube was incubated in anaerobic chamber at 30°C. 

The growth of the organism was monitored visually for 60 hr. P. freudenreichii was 

found to be susceptible to ampicillin, chloramphenicol, rifampicin, and tetracycline at 

concentrations of 2 µg/ml and above. Kanamycin and streptomycin were found to inhibit 

growth at concentrations of 256 µg/ml and 16 µg/ml, respectively. However, nalidixic 

acid did not have any inhibitory effect on the growth of P. freudenreichii even at 256 

µg/ml but was inhibited at 512 µg/ml. The complete antibiotic susceptibility pattern of P. 

freudenreichii is presented in Table 3.2.  
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Construction of a P. freudenreichii genomic library and screening for clones 

containing the pduCDE genes 

Initially, to verify the efficiency of the restriction-digestion and size-fractionation 

procedures, 10 µg of genomic DNA from P. freudenreichii were digested with Sau3AI 

and size-fractionated on a sucrose gradient. Fifteen fractions were collected and 

electrophoresed in a 0.7% agarose gel. The digested DNA fragments larger than 10 kbp 

were found to be distributed from fraction 4 to 10 (Figure 3.1). Later, for the purpose of 

library construction, 250 µg of genomic DNA were digested with Sau3AI in 25 different 

tubes with 10 µg of DNA in each tube as described in Materials and Methods. Each of 

the digested DNA preparations was electrophoresed in a 0.7% agarose gel (Figure 3.2). 

Only DNA with homogeneous digestion was selected for size fractionation. After 

precipitation and a subsequent washing with ethanol, DNA from fractions 7 to 11 was 

electrophoresed in a 0.7% agarose gel to check the size range in each fraction (Figure 

3.3). The fractions 9, 10, and 11 appeared to contain DNA over 10 kbp in size. Fraction 

11 was excluded due to possible contamination with undigested genomic DNA. 

Following gel purification and ethanol precipitation, DNA from fractions 9 and 10 was 

dissolved in Tris-EDTA (TE) buffer for further use. In order to optimize the ligation 

reaction, a pilot-scale ligation was done to determine the most appropriate ratio of 

plasmid DNA to genomic DNA. Based on blue/white colony screening on X-gal/IPTG 

plates with ampicillin, 19.6% (19/97) of the colonies at a 1:1 vector-to-insert ratio had 

plasmids with inserts. At a 1:3 vector-to-insert ratio, 24.5% (12/49) of the colonies 
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contained plasmids with inserts. The 3:1 vector-to-insert ratio was found to be least 

effective, as only 3.3% (2/60) of the colonies had plasmids with inserts. Based on the 

results of this pilot experiment, a vector-to-insert ratio of 1:3 was selected for the later 

experiments. Following transformation of the ligated products into the E. coli host strain, 

a total of 1,728 colonies with inserts were selected based on blue/white screening on X-

gal/IPTG plates with ampicillin. All the clones were individually grown and preserved in 

Luria broth with 15% glycerol in 96-well microtiter plates. To verify the average size of 

the insert, plasmids were isolated from random colonies and electrophoresed in a 0.7% 

agarose gel (Figure 3.4). To identify if any clone within the library contained the 

pduCDE genes, all of the ampicillin-resistant colonies were individually grown and 

replica-plated to propanediol indicator medium. A total of 21 colonies initially gave a 

Pdu+ phenotype (red colonies) on the indicator plates, but 14 of them were ruled out 

when they were rescreened on the same medium. The remaining 7 clones turned out to be 

negative when assayed for propanediol dehydratase enzyme activity. Salmonella enterica 

serovar Typhimurium LT2 was used as a positive control and Escherichia coli XL1-Blue 

MRF´ was used as a negative control.  

 

Isolation of cloned pduC DNA 

Since the phenotypic approach to detect any clone in the genomic library 

containing the propanediol dehydratase genes from P. freudenreichii did not produce a 

successful result, a more direct approach was taken. A 1.7-kb probe encoding the large 
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subunit of propanediol dehydratase (PduC) was synthesized by PCR using S. enterica 

LT2 genomic DNA as the template DNA, and with the primers and under the conditions 

described in Materials and Methods. Based on the digestion patterns with three different 

restriction endonucleases, BamHI was selected as it produced the most homogeneous 

digestion pattern for the genomic DNA of P. freudenreichii. For the large-scale digestion, 

100 µg of P. freudenreichii genomic DNA were digested overnight using BamHI. The 

digested fragments were size-fractionated using sucrose gradient centrifugation. A total 

of 16 fractions were collected after 18 hrs of centrifugation at 18,000 x g. The fractions 

were analyzed by 0.7% agarose gel electrophoresis for the presence of the DNA and the 

respective sizes of the restriction fragments (Figure 3.5). Five fractions (4 through 8) 

were found to have DNA fragments within the appropriate size ranges, and fractions 5, 6, 

and 7 were selected for Southern hybridization. One band around 9.4 kbp in length was 

detected in the fifth fraction (Figure 3.6). BamHI-digested S. enterica LT2 DNA, which 

was used as the positive control, revealed a 23-kbp band, and BamHI-digested E. coli 

DNA, the negative control, did not produce any band. The 9.4-kbp band was gel-purified 

and cloned into BamHI-digested pBluescript II SK(+) plasmid. The ligation product was 

transformed into E. coli XL1-Blue MRF´. Based upon blue/white screening on X-

gal/IPTG plates with ampicillin, 337 colonies were selected as potential clones containing 

the desired insert. All 337 colonies were grown individually, and the plasmids were 

isolated as described in Materials and Methods. Thirty-six pools were created with 10 

plasmids in each pool. These pools were analyzed by Southern hybridization along with 
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S. enterica genomic DNA as a positive control and E. coli genomic DNA as a negative 

control. Only one plasmid pool and the positive control gave a positive result (Figure 

3.7), whereas the other 35 pools and the negative control did not produce any signal. 

Each of the 10 plasmids represented in the positive pool was purified individually and 

rehybridized using the same probe. Only one plasmid, designated A63, gave a positive 

signal (Figure 3.8). The presence of an insert in the A63 plasmid was confirmed by 

restriction analysis.  

 

Nucleotide sequence analysis of clone A63 

Six rounds of sequencing reactions were required to cover the whole sequence of 

A63. The first reaction was initiated by designing primers for the T7 and T3 promoter 

regions flanking the 5´ and 3´ ends, respectively, of the multiple cloning site of the 

backbone vector. Subsequently new primers were designed for each reaction. The contigs 

for the T7 and T3 sides were assembled first with the help of GENETYX-WIN/ATSQ 

version 1.03 released by Software Development Co. Ltd. (Figure 3.9). After assembling 

the completed T7 and T3 fragments, a complete DNA sequence with 7,238 base pairs 

was obtained. Analysis of the sequence with MacVector 7.1 (MacVector, Inc., Cary, N. 

C) using the universal codon usage table revealed 16 putative open reading frames 

(ORFs), eight on each of the two DNA strands (Figure 3.10). The 5´ end of the top DNA 

strand is at the left, and the 5´ end of the bottom DNA strand is at the right, in Figure 

3.10. These 16 putative ORFs were identified by computational analysis only, and it is 
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probable that some of them are not expressed in vivo. The Basic Local Alignment Search 

Tool (BLAST) hosted by the National Center for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov/) identified the first 459 bases of the sequence and the 

second ORF located between bases 710 and 1247 as cbiO and cobA, respectively, part of 

the cobalamin biosynthesis genes of P. freudenreichii. No other similarities were found 

with the rest of the ORFs. However, in ORF4, located between the nucleotide sequences 

1912 and 3271, a possible promoter region was found upstream of the initiation codon. 

The putative –10 hexamer was identified as GTCTCC and the –35 hexamer as CGCGCA 

with a unique –16 heptamer ACGCGCG in between the two hexamers. These three 

sequences were 83%, 65% and 85% identical to the consensus sequences of known –10, 

–35 and –16 regions in P. freudenreichii promoter sequences [28]. ORF4, extending from 

base 1912 to base 3271, consisted of 1359 bases and was found to be 34% identical with 

the pduC gene of S. enterica using the ClustalW multiple alignments integrated in the 

MacVector software. The G+C content of this region was found to be about 72%, which 

is higher than the average G+C content of the total Propionibacterium genome (about 

65%) [48]. Two complete open reading frames, ORF6 and ORF7, were found about 1.1 

kbp downstream of the ORF4 stop codon. ORF6, extending from base 4369 to base 5341, 

consisted of 972 bases. The nucleotide sequence of ORF6 was found to be 29% identical 

to that of the pduD gene from S. enterica. A putative ribosome binding site AGAGAA 

[26] was found seven bases upstream of the initiation codon. The coding region for 

ORF7, extending from base 5368 to base 6028, consisted of 660 bases. No putative 
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ribosome binding site was found for this ORF. The sequence was 34% identical to that of 

the pduE gene from S. enterica. The gap between the start codon of ORF6 and the stop 

codon of ORF7 in clone A63 was 28 bases. However, the nucleotide sequences of ORF5 

and ORF8 did not give any indication of being part of a pdu operon.  

 

Amino acid sequence analysis 

ORF4. The deduced amino acid sequence from ORF4 of clone A63 was a 

polypeptide of 453 amino acids with a calculated molecular mass of 48,499 Da. The 

amino acid sequence analysis revealed only 14% identity when compared with the PduC 

subunit of S. enterica. However, BLAST searches of translated databases (tblastn) 

revealed the presence of several other unrelated (non-B12-dependent) dehydratase 

sequences in the translated protein from ORF4 (Figure 3.11). Twenty-eight percent 

identity was found between an NAD-dependent epimerase/dehydratase of 

Anaeromyxobacter dehalogenans and amino acids 67–280 of the ORF4 translated 

sequence. A putative dihydroxy-acid dehydratase from Nocardia farcinica showed 30% 

identity to amino acids 110–167 of the ORF4 product, and a phosphogluconate 

dehydratase of bioplastic-producing ‘Knallgas’ bacterium Ralstonia eutropha H16 

showed 31% identity to amino acids 3–160. Lastly, a putative L-serine dehydratase of 

Streptomyces avermitilis showed 35% identity to amino acids 122–186 of the ORF4 

product (Figure 3.11). The translated sequence from ORF4 also revealed some amino 

acid similarity with pyruvate formate-lyases from Streptococcus, Bacillus and 
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Clostridium (Figure 3.12). However, the homology is not confined to a particular stretch 

of amino acids but rather is spread out over the entire sequence.  

ORF6. The deduced amino acid sequence from ORF6 was a polypeptide 

consisting of 324 amino acids with a calculated molecular mass of 33,285 Da. 

CLUSTALW analysis revealed 14% identity with the PduD subunit of S. enterica. 

However, one dehydratase-like stretch was found to be present in this sequence from 

BLAST searches of translated databases. An NAD-dependent epimerase/dehydratase 

family protein of Mycobacterium avium showed 35% identity to amino acids 154–273 of 

the ORF6 product (Figure 3.13). Some sequence similarity was also found between 

pyruvate formate-lyases from other organisms and amino acids 87–155 of the ORF6 

translated sequence (Figure 3.14).  

ORF7. The translation of ORF7 was a polypeptide consisting of 220 amino acids 

with a calculated molecular mass of 23,981 Da. BLAST searches of the translated 

databases did not reveal the presence of any dehydratase-like stretches. However, 

sequence similarity with several pyruvate formate-lyases from different bacteria was 

found distributed over the entire sequence of this protein (Figure 3.15).  

ORF14. The translated sequence of ORF14 was a polypeptide consisting of 215 

amino acids. BLAST analysis of translated databases revealed that the ORF14 product 

might be a putative transcriptional regulator belonging to the AraC family (Figure 3.16). 

The PocR regulatory protein that acts as the transcriptional activator for the propanediol 

utilization (pdu) and cobalamin biosynthesis (cob) genes in S. enterica belongs to the 
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same AraC family [7].  
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Fig. 3.1. Size-fractionated DNA from sucrose gradient in 0.7% agarose gel.  
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Fig. 3.2. Partial restriction digestion of P. freudenreichii genomic 
DNA by Sau3AI digestion. 
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Fig. 3.3. Fractions containing the DNA fragments over 10 kbp in size.
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Fig. 3.4. Plasmid DNA isolated from randomly selected clones
in the P. freudenreichii genomic library. 
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Fig. 3.5. Size-fractionated, BamHI-digested DNA of P. freudenreichii
in 0.7% agarose gel prior to Southern hybridization. 

Fig. 3.6. Nitrocellulose membrane showing the band from 
Southern hybridization. 
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Fig. 3.7. Nitrocellulose membrane showing the band from one pool
of plasmid DNA along with digested DNA from S. enterica
as positive control and E. coli as negative control. 

Positive control

Negative control

Pool of Plasmid DNA

Fig. 3.8. Nitrocellulose membrane showing the band from clone A63 
along with digested DNA from S enterica as positive control 
and E. coli as negative control. 

Positive control

Negative control

Clone A63
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T7_1 941
634 1573

1246 1918
1837 2427

2345 3007

T3_1 919
642 1564

1242 1882
1813 2412

2333 3127
2916 End

Fig. 3.9. Schematic map for the assembly of contigs from the T7 and T3 
sides of clone A63. 
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Fig. 3.10. Genomic arrangement of clone A63 with a possible promoter 
and regulatory protein. 

cbiO cobA ORF4 ORF6 ORF7ORF3 ORF5 ORF8

ORF16 ORF15 ORF14 ORF 13 ORF12 ORF11ORF 10 ORF 9

Possible consensus promoter region 

Possible AraC-family transcriptional regulator

1870 GCGCAGCGCGCACTGGACGCCACGCGCGGCGTCTCCGGTCACATG 1914
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Fig. 3.11. Amino acid sequence similarities between several (non-B12-dependent) 
dehydratases from different bacterial sources and the translated sequence 
from ORF4. 
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Fig. 3.11 Continued



Fig. 3.12. CLUSTALW alignment with the sequences of pyruvate formate-lyases
obtained from the pfam database. ‘Translation’ refers to the translated 
sequence of ORF4 in clone A63. Vertical lines indicate similar amino 
acids. 
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Fig 3.12 Continued…. 46
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Score = 35.8 bits (81),  Expect = 8.5
Identities = 39/110 (35%), Positives = 43/110 (39%), Gaps = 
20/110 (18%)
Frame = +3

Fig. 3.16. Existence of a putative AraC-family transcriptional regulator 
in the translated protein sequence of ORF14. 
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Fig. 3.13. Amino acid sequence similarity between a (non-B12-dependent) 
epimerase/dehydratase family protein from Mycobacterium avium
and the translated sequence from ORF6. 
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Fig. 3.14. CLUSTALW alignment with the sequences of pyruvate formate-lyases
obtained from the pfam database. ‘Translation’ refers to the translated 
sequence of ORF6 in clone A63. Vertical lines indicate similar amino 
acids. 
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Fig. 3.15. CLUSTALW alignment with the sequences of pyruvate formate-lyases
obtained from the pfam database. ‘Translation’ refers to the translated 
sequence of ORF7 in clone A63. Vertical lines indicate similar amino 
acids.
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Table 3.1. Carbon utilization pattern of P. freudenreichii 
 
Carbon Source Aerobic Anaerobic 
  4-6 hrs 24 hrs 4-6 hrs 24 hrs 
2,3-Butanediol         
2'-Deoxy adenosine         
3-Methyl glucose       + 
Acetic acid     + + 
α-Cyclodextrin         
Adenosine         
Adenosine-5'-monophosphate         
α-D-Glucose + + + + 
α-D-Lactose         
α-Hydroxybutyric acid     + + 
α-Keto glutaric acid         
α-Keto valeric acid         
Alaninamide     + + 
α-Methyl-D-galactoside         
α-Methyl-D-glucoside       + 
α-Methyl-D-mannoside         
Amygdalin         
Arbutin       + 
β-Cyclodextrin         
β-Hydroxybutyric acid         
β-Methyl-D-glucoside + +   + 
β-Methyl-galactoside     + + 
Cellobiose         
D-Alanine       + 
D-Arbitol         
Dextrin + + + + 
D-Fructose + + + + 
D-Galactose       + 
D-Galcaturonic acid         
D-Lactic acid methyl ester     + + 
DL-α-Glycerol phosphate         
D-Malic acid         
D-Mannitol       + 
D-Mannose     + + 
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Carbon Source Aerobic Anaerobic 
  4-6 hrs 24 hrs 4-6 hrs 24 hrs 
D-Melezitose         
D-Melibiose         
D-Psicose + +   + 
D-Raffinose         
D-Ribose     + + 
D-Sorbitol         
D-Tagatose         
D-Trehalose         
D-Xylose         
Fructose-6-phosphate         
Gentiobiose         
γ-Hydroxybutyric acid         
Gluconic acid     + + 
Glucose-1-phosphate         
Glucose-6-phosphate         
Glycerol + + + + 
Glycogen         
Glycyl-L-glutamic acid         
Inosine         
Inulin         
Lactamide         
Lactulose         
L-Alanine     + + 
L-Alanyl glycine     + + 
L-Arabinose         
L-Asparagine         
L-Fructose     + + 
L-Glutamic acid         
L-Lactic acid + + + + 
L-Malic acid         
L-Pyroglutamic acid         
L-Rhamnose         
L-Serine + * + * 
Maltose + +     
Maltotriose + +     
Mannan         
Methyl pyruvate + + + + 

Table 3.1 Continued 
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Carbon Source Aerobic Anaerobic    
  4-6 hrs 24 hrs 4-6 hrs 24 hrs 
N-acetyl-D-glycosamine         
N-acetyl-D-mannosamine         
N-acetyl-L-glutamic acid         
Palatinose         
p-hydroxyphenyl acetic acid         
Propionic acid     + + 
Putrescine         
Pyruvic acid + + + + 
Salicin       + 
Sedoheptulosan         
Stachyose         
Succinanic acid         
Succinic acid         
Sucrose + +     
Thymidine         
Thymidine-5'-monophosphate         
Turanose         
Tween 40       + 
Tween 80         
Uridine         
Uridine-5'-monophosphate         
Water         
Xylitol         
      
* growth inhibited after 6 hrs     
 
 

Table 3.1 Continued 
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Table 3.2. Antibiotic susceptibility pattern of P. freudenreichii. Growth phenotypes are 
no discernable growth (–), slight growth (+), moderate growth (++), and 
heavy growth (+++).  

 
 Broth concentration (µg/ml) 
Antibiotic 0 2 4 8 16 
Ampicillin +++ – – – – 
Chloramphenicol +++ – – – – 
Kanamycin +++ +++ +++ +++ +++ 
Nalidixic acid +++ +++ +++ +++ +++ 
Rifampicin +++ – – – – 
Streptomycin +++ +++ ++ ++ + 
Tetracycline +++ – – – – 

 
 
 
 

 Broth concentration (µg/ml) 
Antibiotic 0 32 64 128 256 516 
Ampicillin +++ – – – – – 
Chloramphenicol +++ – –– – – – 
Kanamycin +++ +++ ++ + – – 
Nalidixic acid +++ +++ +++ ++ + – 
Rifampicin +++ – – – – – 
Streptomycin +++ – – – – – 
Tetracycline +++ – – – – – 
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CHAPTER IV 

CONCLUSIONS 

Carbon source utilization pattern of P. freudenreichii 

The carbon source utilization pattern as found by using the Biolog Identification 

System was consistent with those listed in Bergey’s Manual of Determinative 

Bacteriology [19]. The fact that only 31 out of the 95 different carbon sources tested 

(32.6%) were utilized either aerobically or anaerobically by P. freudenreichii ATCC 

6207T indicates the fastidious nature of this organism. The utilization pattern also 

indicates the preference of this organism for an anaerobic lifestyle, as only 13 of 95 

carbon sources (13.6%) were used solely under aerobic conditions compared to 27 of 95 

carbon sources (28.4%) under anaerobic conditions. The ability to utilize D-glucose under 

both aerobic and anaerobic conditions indicates the presence of both fermentative and 

oxidative biosynthetic machinery in P. freudenreichii. Although identification of the 

intermediates of glucose fermentation showed that glycolysis is the main pathway of 

glucose utilization, the presence of all enzymes of the tricarboxylic acid (TCA) cycle and 

glyoxylate shunt in P. peterssonii and P. shermanii has also been reported [50]. It is very 

interesting to find that P. freudenreichii cannot utilize two of the intermediates in the 

glycolytic pathway, glucose 6-phosphate and fructose 6-phosphate, as sole sources of 

carbon either aerobically or anaerobically (Table 3.1). Along with glucose, the rapid 

utilization of dextrin, glycerol, L-lactic acid, methyl pyruvate, and pyruvic acid is notable. 

A prior study showed that P. jensenii can utilize glycerol only under aerobic conditions 
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[50]. However, P. freudenreichii can utilize glycerol under both aerobic and anaerobic 

conditions (Table 3.1).  

 

Antibiotic susceptibility of P. freudenreichii 

Propionibacterium species are widely used for the production of vitamin B12 and 

propionic acid, since some of the species of this group have been granted GRAS 

(Generally Recognized As Safe) status by the U.S. Food and Drug Administration [29]. 

Except for P. acnes, no other species are known to cause any human diseases. Hence the 

antibiotic susceptibility tests conducted in this study were not aimed at clinical 

applications. There is a lack of genetic manipulation studies in propionibacteria mainly 

due to (i) high G+C content of the genomic DNA, (ii) lack of information on plasmid 

sequences, (iii) lack of suitable shuttle vectors for gene transfer, (iv) presence of strong 

restriction–modification systems, and (v) lack of selective markers [22]. In an effort to 

find a suitable selective marker that may facilitate further genetic studies in this genus, 

the susceptibility of P. freudenreichii ATCC 6207T to some common antibiotics was 

tested.  

Since P. freudenreichii, like other classical propionibacteria, is an aerotolerant 

anaerobe, the antibiotic susceptibility tests were done under anaerobic conditions. In the 

absence of oxygen, P. freudenreichii was found to be highly susceptible to ampicillin 

even at the lowest concentration of 2 mg/ml (Table 3.2), which is contradictory to the 

findings of Reddy et al. [30]. Ampicillin, a semi-synthetic penicillin that has a modified 

N-acyl group attached to the β-lactam ring, inhibits cell-wall synthesis [39]. P. 
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freudenreichii was also susceptible to chloramphenicol, rifampicin, and tetracycline at the 

lowest concentrations tested (Table 3.2).  

Nalidixic acid belongs to the quinolone group of antibiotics and is known to block 

DNA replication by targeting DNA gyrase [39]. P. freudenreichii was found to be 

resistant to nalidixic acid up to the highest tested concentration of 256 mg/ml (Table 3.2). 

The bacterium was also found to be resistant to kanamycin, which blocks translation by 

targeting 16S rRNA [26], up to as high a concentration as 128 mg/ml (Table 3.2). In the 

cutaneous group of propionibacteria, P. acnes is known to be resistant to streptomycin 

[50]. Streptomycin belongs to the aminoglycoside group of antibiotics, which inhibit 

protein synthesis by binding to the 30S ribosomal subunit. P. freudenreichii was found to 

be resistant to streptomycin up to 16 mg/ml but susceptible at concentrations of 32 mg/ml 

and above under anaerobic conditions (Table 3.2). It is interesting to note that the 

susceptibility pattern of P. freudenreichii to the protein synthesis inhibitors varies 

depending upon their mode of action.  

 

Characterization of clone A63 

Propanediol dehydratase is an AdoCbl-dependent, inducible enzyme catalyzing 

the conversion of DL-1,2-propanediol to propionaldehyde. The presence of this enzyme 

activity has been reported in strains of Lactobacillus, Clostridium, Propionibacterium, 

and in several genera of Enterobacteriaceae [46]. Among the propionibacteria, it is 

known to be present only in P. freudenreichii [19]. The fact that the protein subunits are 

well conserved across most of the species and that a substantial genetic investment is 
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made for the synthesis of cobalamin to support propanediol utilization under anaerobic 

conditions in Salmonella enterica serovar Typhimurium [21] prompted this study to 

characterize the genes encoding propanediol dehydratase in P. freudenreichii.  

Several approaches were taken in this study to clone the encoding genes from P. 

freudenreichii. In the first approach, a genomic library of P. freudenreichii DNA was 

constructed in E. coli, and an attempt was made to phenotypically detect a clone 

harboring the desired genes. Propanediol indicator plates, where 1,2-propanediol-utilizing 

colonies turn red, were used to detect the desired clone [4]. However, out of 1,728 

colonies screened, none displayed a Pdu+ phenotype. Several reasons might be 

responsible for the failure to detect the desired phenotype. Often, proteins are difficult to 

express outside of their original context. In heterologous expression, the choice of 

expression vectors and transcriptional promoters is important [16]. P. freudenreichii is a 

Gram-positive bacterium, whereas E. coli is a Gram-negative organism. Moreover, the 

backbone vector pBluescript II SK(+) is primarily used for cloning, DNA sequencing, or 

in vitro transcription in a homologous system (http://www.stratagene.com). Hence, the P. 

freudenreichii genes might not be heterologously expressed in E. coli. Other reasons 

might include codons present within the coding sequence that are rarely used by the E. 

coli host, utilization of a non-canonical code by the source organism, or expression-

limiting regulatory elements contained within the coding sequences of the cloned genes 

[16].  

Knietsch et al. [23] were able to characterize AdoCbl-dependent glycerol 

dehydratase- and diol dehydratase-encoding genes in metagenomic libraries from 
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different environmental samples by using degenerate primer sequences. In the second 

approach taken in the current study, the same primer sets were used to try and amplify the 

propanediol dehydratase-encoding genes from P. freudenreichii genomic DNA. 

However, no PCR product was obtained.  

Finally, in the third approach, a PCR probe was designed using the coding 

sequence for the PduC (large) subunit of propanediol dehydratase from S. enterica 

serovar Typhimurium LT2 as template and tested against the digested genomic DNA of 

P. freudenreichii. Southern hybridization clearly showed a positive signal with the 

digested DNA along with a lack of signal with genomic DNA from E. coli, which is 

closely related to S. enterica but does not encode propanediol dehydratase (Fig. 3.6–3.8). 

The fragment of DNA in the digested sample of P. freudenreichii genomic DNA that 

gave the positive signal was cloned into the pBluescript II SK(+) vector and was 

designated A63. The nucleotide sequence of the entire cloned DNA fragment was then 

determined. The arrangement of open reading frames in the nucleotide sequence showed 

that it harbored genes from P. freudenreichii. Two of the reading frames at the end of the 

insert adjacent to the T7 promoter were identified as the coding sequences of the 

previously described cbiO and cobA genes in the cobalamin synthesis operon of P. 

freudenreichii [33], which clearly confirms that the A63 insert is part of the P. 

freudenreichii genome.  

Molecular analysis of promoter sequences of P. freudenreichii conducted by Piao 

et al. [29] revealed that these are very different from the promoter sequences of E. coli, B. 

subtilis, or other GC-rich, Gram-positive bacteria, such as Corynebacterium and 
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Brevibacterium species. They found the existence of three different consensus sequences 

corresponding to putative –35, –16, and –10 regions. In the A63 insert, the presence of 

identical sequences six base pairs upstream of the initiation codon of the ORF4 strongly 

indicated that it could be a functional gene. Moreover, the presence of a putative P. 

freudenreichii ribosome binding site and the absence of a putative promoter region seven 

bases upstream of the initiation codon for ORF6 provided evidence that it might be a part 

of an operon in which ORF4 is the first encoded protein. The translated sequences of 

these ORFs did not display any significant homology with any known propanediol 

dehydratases. However, the presence of some non-B12-dependent dehydratase-like 

sequences in parts of the putative ORF4 and ORF6 polypeptides is notable. 5,6-

Dimethylbenzimidazole (DMBI), the heterocyclic base in the nucleotide moiety of 

cobalamin, is coordinated to the cobalt atom at the lower axial position when the AdoCbl 

coenzyme is bound to propanediol dehydratase [45]. This ‘base-on’ model of cobalamin 

binding to proteins was proposed based on crystallographic studies and the results of 

electron paramagnetic resonance (EPR) experiments with 15N-labeled coenzyme [45, 52]. 

In contrast, the X-ray structures of some other cobalamin-dependent enzymes showed 

that the DMB ligand is displaced from the cobalt atom, and the imidazole ring of a 

certain histidine residue in the cobalamin-binding motif (DxHxxG, where D = aspartic 

acid, H = histidine, G = glycine, and x = variable amino acid) is ligated to the cobalt atom 

instead. This conserved motif is found in MeCbl-dependent methionine synthase, 

AdoCbl-dependent L-β-lysine 5,6-aminomutase, and other mutases catalyzing carbon-

skeleton rearrangements, but not in AdoCbl-dependent enzymes catalyzing heteroatom 
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elimination reactions. The presence of a DxxHxxG amino acid sequence at residues 372–

378 of the translated protein from ORF4 could indicate that it belongs to the former class 

of enzymes.  

Carbon-skeleton rearrangements catalyzed by AdoCbl-dependent class 1 enzymes 

involve activation of the neighboring C–C bond by hydrogen abstraction. When a 

hydrogen atom is abstracted from a neighboring carbon atom of the substrate by a 5´-

deoxyadenosyl radical (derived from AdoCbl), C–C bond cleavage becomes possible. 

Similar activation of C–O or C–N bonds by hydrogen-atom abstraction happens in 

AdoCbl-dependent heteroatom eliminations and intramolecular amino group migrations 

catalyzed by class 2 and class 3 enzymes, respectively [45]. Such homolytic scission of 

bonds forms substrate radical intermediates, which is characteristic of most AdoCbl-

dependent reactions, where the 5´-deoxyadenosyl radical mediates the hydrogen transfer 

[15].  

The reaction catalyzed by lysine 2,3-aminomutase is chemically analogous to the 

reactions catalyzed by AdoCbl-dependent aminomutases, and both reactions involve 

hydrogen transfer to and from a 5´-deoxyadenosyl radical. Chirpich et al. [8] showed 

that, in the case of lysine 2,3-aminomutase, hydrogen transfer is mediated by a 5´-

deoxyadenosyl moiety derived from S-adenosylmethionine (AdoMet) rather than 

AdoCbl. Similarly, AdoCbl activates the ribonucleotide reductase of Lactobacillus 

leichmannii, whereas the analogous enzyme from anaerobically grown E. coli is activated 

by AdoMet and an activating enzyme [50]. In both reductases, a 5´-deoxyadenosyl 

radical participates in their activation. Pyruvate formate-lyase is another AdoMet-
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requiring enzyme that catalyses the non-oxidative dissimilation of pyruvate and 

coenzyme A (CoA) to formate and acetyl-CoA by using a similar radical reaction 

mechanism to cleave the pyruvate C–C bond [35].  

The amino acid sequence analysis of the translated proteins from ORF4, ORF6, 

and ORF7 revealed some similarities with pyruvate formate-lyases from different 

bacteria. Even though the similarities were not confined to specific regions but rather 

were distributed throughout the entire sequence, they might indicate that the proteins 

synthesized from these ORFs could catalyze such radical-based reactions utilizing 

AdoMet as either a co-substrate or coenzyme.  

The genus Propionibacterium forms a distinct subline within the actinomycetous 

branch, which is the principal ancestral line of Gram-positive bacteria with high-GC 

DNA [50]. The intergeneric relationship as revealed by 16S rRNA gene sequences 

showed that the propionibacteria are distantly related to the genera Nocardioides and 

Terrabacter (both nocardioform actinomycetes) and are not even remotely related to the 

genus Corynebacterium as previously thought [6]. By using multiplex PCR for 16S 

rRNA gene sequencing, Dasen et al. [12] showed that the genus Propionibacterium is 

remotely situated from E. coli in the phylogenetic tree (Fig. 4.1). They also showed that, 

among the classical propionibacteria, P. thoenii, P. jensenii, and P. acidipropionici form 

one cluster distinct from the other two clusters of P. freudenreichii and P. 

cyclohexanicum. Hence, the low identity (14%) between the amino acid sequence of 

propanediol dehydratase subunits from S. enterica with those of the ORFs in clone A63 is 

not surprising.  
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The overall findings in this study are inconclusive and await other phenotypic 

evidence before designating the ORFs in the A63 cloned DNA fragment as encoding the 

propanediol dehydratase of P. freudenreichii. In future studies, one of the obvious 

phenotypic evaluations of this clone would be to subclone it into a suitable expression 

vector and assay for enzymatic activity in a compatible host bacterium. Recently, a 

shuttle vector for P. freudenreichii was developed and successfully tested for the 

expression of cholesterol oxidase and 5-aminolevulinic acid [22]. This or a similar a 

shuttle vector would be an appropriate choice.  

 



Texas Tech University, Asim Bikash Dey, August 2007 
 

 64

 

 

 

Fig. 4.1. The phylogenetic tree for propionibacteria as constructed from 16S rRNA gene 

sequences [12]. The classical propionibacteria consist of P. freudenreichii, P. 

cyclohexanicum, P. jensenii, P. thoenii and P. acidipropionici. The cutaneous 

propionibacteria consist of P. acnes, P. avidum, P. propionicum, P. granulosum, and P. 

lymphophilum.  
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