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CHAPTER FOUR 

ISOLATION OF PROTEASE-ENCODING GENE(S) OF Geobacillus sp. PA-9 

ABSTRACT 

In an attempt to isolate and characterise protease-encoding genes from Geobacillus sp. PA-9, 

proteolytic enzymes were purified from the cell-free culture supernatant by gel-fil tration and 

ion-exchange chromatography or, alternatively, directly from negative-stained SDS

polyacrylamide gels. Five protease-active proteins, as verified by zymogram analysis, were 

selected for N-terminal amino acid sequence determination. However, an unambiguous 

sequence of the respective proteins could not be obtained due to the presence of 

contaminating proteins. The results obtained from the protein purification procedures 

nevertheless suggested that protease activity of the enzyme solution might be due to more 

than one enzyme, one of which was a large .multimeric protein. Two other strategies were 

subsequently used as means to isolate the protease-encoding genes. The first approach 

involved the construction of a genomic DNA library followed by functional screening of the 

clones in Bacillus megaterium and in Escherichia coli on casein agar plates and in broth. The 

second approach relied on the use of oligonucleotide primers, which had been designed 

following mUltiple sequence alignment of various alkaline protease genes. DNA fragments 

resulting from the use of the newly designed primer sets in polymerase chain reactions (peR) 

with genomic DNA from Geobacillus sp. P A-9 were either labeled and used as probes to 

screen the genomic DNA library or the amplicons were cloned. Nucleotide sequencing and 

sequence analysis of the inserts in hybridisation-positive clones and of the cloned amplicons 

indicated that these approaches were unsuccessful in isolating protease-encoding genes. 

These results suggest that the protease( s) from P A-9 do not share a significant level of 

homology to other proteases identified thus far. 
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4.1. INTRODUCTION 

Although some enzymes from mesophilic bacteria are known to withstand temperatures 

approaching 100°C, e.g. a-amylase from B. licheniformis, such enzymes are rare (Uhlig, 

1998; Adams and Kelly, 1998). The instability and lability of the majority of mesophilic 

enzymes at elevated temperatures limit their application in a number of industrial processes. 

In contrast, thermophilic bacteria have been regarded as a promising source of thermostable 

enzymes and the enzymes are also often resistant to and active in the presence of organic 

solvents and detergents (Jaenicke et aI., 1996). Consequently, such enzymes have been used 

in the detergent, leather tanning and food processing industries, and in the management of 

waste through bioconversion of proteinaceous waste into biomass (Kobayashi et ai., 1995; 

1996; Hameed et aI., 1996; Anwar and Saleemuddin, 1998). 

In the past two decades, many thermostable enzymes from different thermophiles, amongst 

them, the extracellular proteases from Geobacillus spp., Alicyclobacillus spp. and 

Thermobacillus spp. , have been characterised and their structural genes identified, cloned and 

overexpressed in appropriate host organisms (Nishiya and Imanaka, 1990; Vander Laan et 

ai., 1991 ; Nazina et al., 2001). These studies commonly rely on the isolation and purification 

of the enzyme to enable analytical studies regarding its molecular properties (molecular 

weight, number of subunits, isoelectric point), catalytic properties (Km, optimum temperature 

and pH, effect of inhibitors) and catalytic mechanisms. Consequently, a number of 

separation and purification methods have been developed whereby enzymes may be purified. 

In addition to different electrophoresis techniques (poulsen et at. , 1989; Davril et ai., 1993; 

Knilova, 1999), the most widely used methods include gel-filtration, size-exclusion, ion

exchange and affinity chromatography and/or a combination of these (Martin-Hernandez et 

ai., 1994; Kobayashi et aI., 1995; Ferrero et al., 1996; Oyama et aI. , 1997; Bressollier et al., 

1999). Problems are, however, often encountered in purifying an enzyme of interest to 

homogeneity in instances where the microorganisms produce mUltiple enzymes (Dalb0ge, 

1997) or minute quantities of the desired protein(s) (Lila et al., 1996), as well as in instances 

where the protein is strongly complexed with other proteins and cannot be readily dissociated 

(Kuln and Wagner, 1989). To overcome these problems, various approaches have been 

reported whereby genes encoding for the proteins of interest can be isolated. The approaches 

rely on the functional screening of constructed genomic DNA libraries (Nishiya and Imanaka, 

1990), pe R amplification of the genes of interest using primers, which have been designed 
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based on the nucleotide sequences of previously characterized gene sequences (Sung et ai., 

1991; Vecerek and Venema, 2000), and the construction of genomic DNA libraries in 

expression-cloning vectors (Dalb0ge, 1997). 

Two thermophilic protease-producing Geobacillus strains, PA-5 and PA-9, isolated from 

Buranga hot springs in western Uganda, were characterised (Chapter 3). While strain PA-5 

produces at least two proteases, strain PA-9 was found to produce at least eight extracellular 

proteases. Notably, caseinolytic activity displayed by proteases from strain P A-9 was 

observed over a wide spectrum of temperatures (2-90°C). The possibility of discovering a 

novel enzyme(s) with a broad temperature range therefore warranted further investigation of 

strain PA-9. In this part of the study, different approaches that were used to isolate the 

protease-encoding gene(s) from Geobacillus sp. PA-9 are described. 

4.2. MATERIALS AND METHODS 

4.2.1. Bacterial strains, plasmids and culture conditions 

The plasrnids and bacterial strains used in this part of the study are listed in Table 4.1. 

Escherichia coli DH5a was used as the host in the cloning procedures and was grown at 37°C 

in Luria-Bertani (LB) liquid medium (0.5% [w/v] yeast extract, 1 % [w/v] tryptone, 1 % [w/v] 

NaCl; pH 7.4) or on LB agar plates. LB agar plates supplemented with ampicillin (100 

J.l.g/ml) were used to screen for recombinants. Plasmids pGEM®-T Easy (Promega, Madison, 

WI, USA) and pSVBI (obtained from F. Meinhardt and K-D. Wittchen, Westfalische 

Wilhelms-Universitat, Germany) were used as cloning vectors. Geobacillus sp. PA-9 was 

grown in modified Castenholtz medium as described previously (Section 3.3.2). Bacillus 

megaterium MS941 was routinely cultured in LB broth at 37°C. For preparation of 

protoplasts, B. megaterium was grown in Hyp liquid medium, which contained 2.05 ml of 0.5 

M KH2P04, 3 ml of 10% (w/v) yeast extract, 10 ml of20% (w/v) glucose, 0.1 ml of 2 mg/ml 

MnS04 and Prot medium to a final volume of 1 litre. Prot medium (PH 7.5) contained (gil) 

NH4Cl, 1; Tris-HCI, 12; KCl, 0.035; NaCI, 0.058; MgS04.7H20, 0.246; MgC12.5H20, 4.26; 

and 136 ml of 50% (w/v) sucrose. For protoplast regeneration, Hyp-Tc agar plates were used 

consisting of Hyp agar medium supplemented with 12.5 p,glml tetracycline, and Hyp-top 

agar, which consisted of Hyp medium containing 0.8% (w/v) agar (Meinhardt et ai., 1989). 
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Table 4.1: Bacterial strains, plasmids and primers used 

Strains, plasmids and primers Relevant properties Source 

Bacterial strains: 

Geobacillus strain PA-9 
Escherichia coli DH5o: 
Bacillus megaterium MS94 1 

Plasmids: 

pGEM®-T Easy 

pSVBI 

Primers: 

FRDI 
FRD2 
RDI 
RD2 
F-pSVBI 
R-pSVBI 
M 13 Forward 
M13 Reverse 

hsdR recA lacZYA ~ 80dlacZI:1M15 

Cloning vector for PCR products, ColE1, 
Amp', LacZa peptide 
E. coli/B. megaterium shuttle vector, Tef, 
Amp' 

5'-TGTCAACAGTGGCA TTGC-3' 
5'-TCCTTGTGGAAGCAGCCT-3' 
5'-ACGCTGGCGAA TTTGGTT -3' 
5'-GCAGCAGAAAGAAGGAAGCA-3' 
5'-GGGA TCAACTTTGGGAGAG-3' 
5'-GGCGATTAAGTTGGGTAACG-3' 
5'-GTAAAACGACGGCCAGTG-3' 
5'-CAGGAAACAGCTATGAC-3' 

Hawumba et al. (2002) 
Stratagene 
F. Meinhardt and K-D . Wittchen' 

Promega 

F. Meinhardt and K-D. Wittchen' 

This study 
This study 
This study 
This study 
This study 
This study 
This study 
This study 

f . Meinhardt and K-D. Wittchen, Westfalische Wilhelms-Universitat Munster, Institut fur Mikrobiologie, 
Miinster, Germany 

4.2.2. Preparation of crude extracellular enzyme extracts 

Isolate PA-9 was grown in liquid medium consisting of 0.5% (w/v) meat extract and 

soybean-casein digest, and 1 % (w/v) glucose in the mineral base of modified Castenholtz 

medium (Section 3.2.5). For preparation of extracellular enzyme extracts to be used in 

enzyme purification, 200-ml cultures were grown at 55°C for 72 h in l-L Erlenmeyer flasks, 

without shaking. Following incubation, bacterial cells were removed from the culture 

supernatant by centrifugation at 7 000 rpm for 10 min, and the cell-free culture supernatants 

were pooled (2 L) and concentrated by lyophilisation. The pellet was finally dissolved in 100 

ml of 10 mM Tris-HCI (PH 8). 

4.2.3. Purification of protease enzymes 

The crude enzyme solution (20 ml) was loaded onto a Sephadex G- I00 gel-filtration column 

(Pharrnacia, Sweden; 1.2 x 33 em), equilibrated with 10 mM Tris-HCI buffer (pH 8). The 
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flow rate was maintained at 1 mllmin and 3-ml fractions were collected every 3 min using a 

Model 2112 Redirac fraction collector (LKB, Sweden). The absorbance of each fraction was 

determined at 280 run using a U-2000 spectrophotometer (Hitachi, Japan). Fractions 

constituting an elution peak were pooled (Appendix 1) and the proteolytic activity of the 

combined fraction was determined by cup-plate assays as previously described (Section 

3.2.6). The active enzyme fractions were applied to a DEAE-Sephacel ion-exchange column 

(Pharmacia, Sweden; 1.2 x 15 cm). The adsorbed enzyme was eluted with a step-wise 

gradient of 0 - 0.5 M NaCl in 50 mM Tris-HCI (PH 8) at a flow rate of 0. 15 ml/min and 

fractions of 1.2 ml were collected. The protease-containing fractions, analysed as described 

above, were applied to a DEAE-Sepharose CL-6B ion-exchange column (Sigma, St. Louis, 

MO, USA; 1.2 x 15 cm), equilibrated in 10 mM Tris-HCI (PH 8). Elution was done with the 

same buffer as above using a flow rate of 2 mllmin and fractions of 4 rnl each were collected. 

Protease-active fractions, as confirmed by cup-plate assays, were analysed by denaturing and 

non-denaturing PAGE gels, as well as by zymogram analyses (Section 4.2.5). For 

determination of molecular mass by electro spray mass spectrometry, a fraction containing an 

apparently pure enzyme was kindly analysed by Dr MJ. van der Merwe, Department of 

Chemistry, University of Stellenbosch, South Africa (see legend of Fig. 4.2 for details). 

4.2.4. Purification of proteases from SDS-PAGE gels 

The crude enzyme solution was separated on a 10% SDS-PAGE gel and the protein bands 

were visualised by negative staining using the immidazole-ZnS04 method (Fernandez-Patron 

et al., 1995). Briefly, after electrophoresis, gels were rinsed in distilled water for 30 s and 

then soaked in 100 ml of a 0.2 M imidazole, 0.1% (w/v) SDS solution for 10 min. The 

solution was discarded and the gels immersed in 100 ml of 0.2 M ZnS04 until the gel 

background became deep white, resulting in transparent protein bands. The reaction was 

stopped by rinsing the gels in distilled water after which the protein bands of interest were 

carefully excised from the gel using a sharp scalpel blade. The proteins were eluted from the 

gel slices according to the method of Lila et al. (1996). Briefly, the excised protein bands 

were placed in microfuge tubes containing 1 ml 2% (w/v) citric acid. After incubation for 10 

min, the protein bands were crushed by forcing the gel pieces through the opening of a 1-ml 

syringe into a second microfuge tube. Following addition of 1-1.5 volumes of a 25 mM Tris 

(PH 8.3), 500 mM glycine solution, the slurry was vortexed for 10 min. The gel pieces were 

pelleted by centrifugation at 15 000 rpm for 5 min and the supernatant transferred to a clean 
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microfuge tube. The pelleted gel pieces were subjected to a second round of extraction using 

identical procedures to those described above. The supernatants were pooled, di alysed 

against disti lled water, and the dialysate was concentrated by lyophilization and finally 

resuspended in 200 I.Ll of llliQ H20 . The protein recovery and activity were subsequently 

determined by SDS-PAGE and zymogram analysis, respectively. 

4.2.5. SDS-PAGE electrophoresis and zymogram analysis 

The method used for SDS-P AGE analysis was essentially the method described by Laemmli 

(1 970). For zymogram analysis, 2% (w/v) caseinate co-polymerized with the gels was used. 

Samples were loaded into the gel without prior heating, and electrophoresis was performed at 

room temperature at 35 V/gel for the first 30 min and then at 40 V/gel for 4 h. 

Electrophoresis of the crude enzyme solution, which displayed proteolytic activity at 2°C, 

was performed at 25 V/gel at 4°C. Following electrophoresis, gels were washed successively, 

first with 2.5% (v/v) TritonX- l OO in water and then with 50 mM Tris-Hel (PH 7.5) buffer 

containing 2.5% (v/v) TritonX- IOO, each for 10 min at room temperature. The gels were 

equilibrated for 10 min in 50 mM Tris-HCI buffer (PH 7.5) and then incubated for 5-10 min 

at 55°C. The gels were finally stained with 2% Coomassie brilliant blue for 20 min and 

destained in deionized water, to reveal zones of substrate hydrolysis. 

4.2.6. Protein blotting and N-termioal amino acid sequence determination 

Following electrophoresis, gels were fixed for I h in a solution containing 40% (v/v) 

methanol and 10% (v/v) acetic acid. The gel and an Immobilon-P polyvinylidene difluoride 

(PVDF) membrane (Millipore, Bedford, MA, USA), cut to the size of the gel, were soaked in 

the transfer buffer (25 mM Tris, 192 mM glycine or 20 mM sodium phosphate buffer) for 30 

min after which the proteins were transferred to the membrane at 120 rnA for 2 h at 4°C, 

using a Trans-blot cell (BioRad, Hercules, CA, USA). For blotting of low-molecular-weight 

proteins, electrophoresis was performed using a Tricine gel (Judd, 1996) and methanol (10% 

[v/v]) was added to the transfer buffer. The protein(s) was visualised on the membrane by 

staining in 0.03% (w/v) Coomassie brilliant blue prepared in 40% methanol, and then dried 

between filter papers. The protein bands that corresponded to the protein-active bands on the 

zymogram were cut from the membrane. The N-terminal sequences were determined by 

Pascal Cosette, University of Rouen, France, on a Procise 492 automatic sequencer (Applied 

Biosystems, Courtabeuf, France). 
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4.2.7. Construction of a Geobacillus sp. PA-9 genomic DNA library in Escherichia 
coli 

Genomic DNA of Geobacillus strain PA-9 was isolated as previously described (Section 

3.2.4). The purified genomic DNA was digested to completion with Hindlll (Roche 

Diagnostics, Germany) at 37°C overnight. Following electrophoresis on a 1 % (w/v) agarose 

gel, restriction fragments ranging between I to 8 kb were purified from the gel by the freeze

squeeze method (Benson, 1984). Plasmid pSVBI was linearized with Hindfll , 

dephosphorylated, purified and ligated to the restriction fragments for 16 h at 16°C in the 

presence of 1 unit T4 DNA ligase and 1 x ligase buffer (Roche, Germany). Competent E. 

coli DH5a cells were prepared and transformed by the method of Chung and Miller (1993), 

and transform ants were screened on LB agar plates supplemented with ampicillin (100 

Ilg/ml), X-Gal (40 llg/m1) and IPTG (20 JLg/ml). The recombinant transformants from each 

plate were inoculated into 100 ml LB broth, and cultured at 37°C overnight after which 

glycerol stocks were prepared. The stocks were stored at -70°C and when needed were 

diluted lO-fold in LB-broth and spread onto LB agar plates supplemented with 100 Ilg/ml of 

ampicillin. 

4.2.8. Preparation of recombinant plasmids for transformation of B. megaterium 

Transformants on transformation plates obtained above were divided into four quadrants. All 

colonies in a quadrant were inoculated into 100 ml LB broth supplemented with ampicillin 

(100 JLg/ml) and cultured at 37°C overnight. Plasmid DNA was isolated by the alkaline-lysis 

method (Sambrook et aI., 1989). To remove any trace of SDS, plasmid DNA preparations 

were dialysed extensively against deionised water using a Slide-a-Lyzer mini-dialysis unit 

with a lO-kDa cut-off (pierce, Rockford, IL USA). 

4.2.9. Preparation of B. megaterium MS941protopiasts 

Protoplasts were prepared according to the method of Meinhardt et al. (1 989). A starter 

culture was prepared by inoculating a single colony of B. megaterium MS941 into 10 ml LB 

broth and incubating at 37°C overnight with shaking (220 rpm). An aliquot (1.5 ml) of starter 

culture was then inoculated into 50 ml ofHyp medium and cultured at 37°C until an OD546 of 

0.9, whereafter the culture was incubated on ice for 30 min to stop further growth. After 

incubation, the cells were harvested at 5 000 rpm for 7 min at 4°C and the cell pellet washed 

once in 5 ml Hyp medium. The pellet was suspended in 4 ml Hyp medium and 1 ml of 
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lysozyme (0.5 mg/ml) was added. The suspension was incubated at 37°C unti l the protoplast 

to cell ratio reached at least 60:40, which typically occurred after 2-3 h of incubation. The 

protoplast suspension was then incubated on ice for 10 min. The protoplasts were collected 

by centrifugation at 4 000 rpm for 4 min at 4°C, washed three times in 5 ml Hyp medium 

each, and then gently resuspended in 2 ml ofHyp medium. 

4.2.10. Transformation of B. megater;um MS941 protoplasts 

The prepared protoplasts were transformed using a PEG method as described by Meinhardt et 

al. (1989). Briefly, 0.5 ml of the protoplast suspension was mixed with 4-8 J.d of recombinant 

plasmid DNA (0.5 -1 J.tg). After addition of 1.5 rol of 40% (w/v) PEG-6000, the mixture was 

incubated at room temperature for 4 min. Following incubation, 5 ml of Hyp medium was 

added and the protoplasts collected by centrifugation at 4 000 rpm for 4 min at 4°C. The 

collected protoplasts were suspended in 1 m1 Hyp medium and incubated at 37°C for 2 h in a 

shaking incubator (100 rpm), to allow regeneration of the protoplasts. Aliquots (100-200 141) 

were then added to 5 ml Hyp-top agar, mixed and spread evenly over the surface Hyp agar 

plates supplemented with tetracycline (12.5 J.tg/ml). The agar plates were incubated at 37°C 

for 24 to 48 h. 

4.2.11. Screening for protease-positive recombinants in B. megaterium MS941 

Transformed B. megaterium cells were screened for protease activity after streaking the 

colonies onto LB-casein (0.4% [w/v]) agar plates followed by incubation at 37°C for at least 

48 h. Protease-positive transformants were identified by haloes) around the colonies. 

4.2.12. Screening for protease-positive recombinants in E. coli DH5a 

Screening of the library constructed in E. coli DH5a was performed in liquid medium and on 

agar plates. In broth, 250 J.tl of LB broth supplemented with 0.25% (w/v) casein was pipetted 

into the wells of microtitre plates. Each well was inoculated with a recombinant colony, and 

the microtitre plates were cultured at 37°C in a shaking incubator for 48 h. Aliquots (100 J.tl) 

of each culture were transferred into new wells and stored under sterile conditions. The 

remaining cultures (150 J.tl) were lysed by 2 pulses of 15 s each using an Ultrasonic 

Homogeniser (Cole-Parmer Instruments Co., Chicago, Ill, USA), at an output of 60%. The 

lysate was heat activated at 70°C for 0.5-1 h and subsequently spotted onto 1 % (w/v) casein 

agar plates. The plates were incubated at 55°C overnight and observed for proteolytic 
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activity. Crude enzyme solution was spotted onto the casein agar plates and served as a 

positive control. Screening for protease activity on 1% (w/v) casein agar plates was 

perfonned by streaking recombinant colonies and incubating the agar plates at 37°C. The 

agar plates were checked daily for transfonnants displaying proteolytic activity, as indicated 

by the presence of a hydrolysis halo surrounding the colony. 

4.2.13. Isolation of protease genes by peR amplification 

Sequences of alkaline serine proteases were retrieved from the protein and nucleotide 

GenBank databases by means of the Entrez server available at the National Centre for 

Biotechnology Information (NCBI) (http://www.ncbi.nhn.nih.govl) by using keywords 

"protease, serine protease, alkaline protease and serine alkaline protease". Multiple sequence 

alignments were performed using ClustalW (Thompson et al., 1994). The alkaline serine 

proteases could be divided into two groups, with members in each group displaying high 

levels of homology (see Appendix II). Based on the obtained sequence alignments, two sets 

of oligonucleotide primers were subsequently designed, namely FRDIIFRD2 and RDIIRD2 

(Table 4.1 ). 

The newly designed primer sets were used in PCR reactions containing 50 ng of Geobacillus 

sp. P A-9 genomic DNA as template, 50 pmol of each the sense and antisense primer, 1 x 

PCR buffer, 1.5 mM MgCh, 0.25 mM of each deoxynucleoside triphosphate (dNTP) and 1 U 

of Taq DNA polymerase (Southern Cross Biotechnology, South Afric a). The reaction tubes 

were placed in a Perkin-Elmer GeneAmp 2400 thennal cycler. Following initial denaturation 

of 3 min at 96°C, the reactions were subjected to 30 cycles of denaturation for 30 s at 94°C, 

annealing for 30 s at 52°C or 53 °C and elongation for 45 s or 1 min at 72°C. After the last 

cycle, the reactions were kept at n Oc for 7 min to complete synthesis of all strands. For 

control purposes, reaction mixtures containing UHQ water and all other reagents but no 

template DNA were included. Aliquots of the PCR reaction mixtures were subsequently 

analyzed by agarose gel electrophoresis on 1% (w/v) agarose gels in the presence of an 

appropriate DNA molecular weight marker (phage A DNA digested with both EcoRI and 

HindIll). The amplicons were purified from the agarose gels by the freeze-squeeze method 

(Benson, 1984), and then labeled with DIG-dUTP using the DIG-High Prime kit (Roche, 

Gennany), according to the manufacturer's instructions, and used as probes to screen the 

genomic library. Alternatively, amplicons were purified from the gel using a Wizard SV Gel 

_ .. - .. ---------- - --- --- 
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and PCR Clean-Up system (promega, Madison, WI, USA) and then cloned into the pGEM®

T Easy vector system (Promega). 

4.2.14. Sequencing of cloned genes 

The nucleotide sequence of the cloned amplicons was determined in a Hitachi 3100 capillary 

array automated DNA sequencer using an ABI PRISM™ BigDye™ Terminator Cycle 

Sequencing Ready Reaction Kit (Perkin-Elmer Applied Biosystems, Foster City, CA, USA). 

The amplified DNA fragments were sequenced in both directions using 12.5 pmol of either 

the universal pUCIM13 forward and reverse sequencing primers, or primers F-pSVBI and R

pSVBI (Table 4.1). The sequence data were edited using the Sequence Analysis 3.1 and 

Sequencing Navigator 1.0.1 programmes supplied in the ABI PRISM™ software package 

(Perkin-Elmer Applied Biosystems, Foster City, CA, USA). Homology searches were 

conducted using the BLAST programme (Altschul et al., 1997) available at the National 

Centre for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.govIBLASTI). 

4.3. RESULTS AND DISCUSSION 

4.3.1. Enzyme purification 

Zymogram analysis of the crude enzyme solution prepared from the culture supernatant of 

Geobacillus sp. P A-9 had revealed that some of the low-molecular-mass proteins « 14 kDa) 

had activity at low temperature (2°C), and may possibly reach maximum activity at 50°C 

(Chapter 3). Proteases that display such a broad range of temperature activity may be of 

potential biotechnological interest, as they have potential for the development of recombinant 

cold-active and heat-active proteases. Thus, to isolate the protease-encoding genes, an 

approach was followed whereby degenerate oligonucleotide probes, for use in screening of a 

genomic DNA library of isolate PA-9, could be designed based on the N-terminal amino acid 

sequence of the purified proteases (Kaneko et al., 1989; Van Den Burg et aI., 1991; Takami 

et al., 1992a; 1992b; Saul et aI. , 1996). 

To purify the proteolytic enzymes, a crude enzyme solution was prepared from the cell- free 

culture supernatant of Geobacillus sp. P A-9 and then subjected to gel-filtration followed by 

ion-exchange chromatography, as described in Materials and Methods (Section 4.2.4). 

Following ion-exchange chromatography, three protein fractions were obtained that displayed 
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caseinolytic activity. Whereas one protease-active fraction eluted at 0.2 M NaCl, designated 

as IE2Il, two protease-active fractions were eluted at 0.3 M NaCI, designated as IE3II and 

IEIII-3 , respectively. Zymogram analysis of the respective protein fractions revealed that a 

caseinolytic protein of ca. 66 kDa was present in all three of the fractions. Furthermore, both 

fractions IE3" and IElli-3 contained a protease-active band of identical size, but an 

additional, unique protease-active band could be observed in fraction IE3 Il (Fig. 4.1 a). Thus, 

except for fraction IE2Il, which appeared to contain a single purified polypeptide, as verified 

by electrophoresis of a sample on a nondenaturing polyacrylamide gel (Fig. 4. 1 b), both of the 

protein fractions eluted at 0.3 M NaCI contained a mixture of caseinolytic enzymes. To more 

accurately determine the molecular mass of the protein contained in fraction IE21I, the sample 

was subsequently analysed by electrospray mass spectroscopy. The result (Fig. 4.2) indicated 

that the monomeric protein has a molecular mass 22.86 kDa, and can form a dimer (45.42 

kDa) and trimer (68 .12 kDa), which could also be seen in SDS-polyacrylamide gels 

electrophoresed under denaturing conditions. However, the presence of an additional 

contaminant protein of 53.32 kDa was noted, which was not detected in the denaturing and 

nondenaturing polyacrylamide gels. The low-molecular-mass protease-active proteins that 

had previously been observed in zymograms of crude enzyme extracts (Fig. 4.1 , lane 1) 

could, however, not be detected in any of the fractions displaying caseinolytic activity. The 

failure to purify these low-molecular-mass proteases suggested that they could either have 

been produced in minute quantities or have been diluted from the samples during the initial 

gel-filtration chromatography step . 

4.3.2. Purification of proteins from negative-stained SDS-PAGE gels 

Since it was not possible to purify the proteases by chromatography, an alternative strategy 

was adopted whereby individual proteins displaying proteolytic activity were eluted from the 

gel pieces excised from negative-stained SDS-PAGE gels. Although zymogram analyses had 

previously revealed that at least eight caseinolytic enzymes were produced by Geobacillus sp. 

PA-9, it was not possible to observe all of the corresponding protein bands on a duplicate 

SDS-P AGE gel. This suggested either that the concentration of some proteins were low or 

that the proteins stained poorly with Coomassie brilliant blue and could thus not be detected. 

Negative staining has been reported to be a very sensitive staining method, and is capable of 
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A B 

Fig. 4.1 	 Zymogram analysis of prot eases purified from the culture supernatant of Geobacillus sp. 

PA-9 by ion-exchange chromatography. Lane I, cell-free culture supernatant from a 

Geobacillus sp. PA-9 culture; lane 2, sample of fraction IE21I ; lane 3, sample of fraction 

IE3II; lane 4, sample of fraction IEIII-3. Caseinolytic proteases present in the respective 

fractions are indicated by arrows. (B) Analysis of fraction IE2II by nondenaturing 

polyacrylamide gel electrophoresis. 
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Fig. 4.2 	 Analytical spectrum of fraction IE211 following analysis by electrospray mass 

spectrophotometry. The protein sample was diluted I: I in 50% acetonitrile/water containing 

formic acid and 5 III of the diluted protein sample was injected into the mass spectrometer. 
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detecting proteins in quantities of 1 to lOng per band, which is normally undetectable by 

conventional staining procedures (Fernandez-Patron et aI. , 1995; Lila et aI. , 1996) , 

Using this approach and the procedures outlined in Materials and Methods (Section 4.2.6), 

five proteins were purified from several negative-stained SDS-P AGE gels and concentrated 

to obtain sufficient amounts of the respective proteins for further characterisation. 

Zymography of the respective proteins was performed to confirm their casein-degrading 

activity (Fig. 4.3). Despite having been resolved and excised as single bands from the SDS

P AGE gels, all five the protein samples showed heterogeneity, consisting of more than one 

protein. Not surprisingly, an ambiguous amino acid sequence could not be determined from 

these protein samples. The caseinolytic activity of the purified enzymes was observed as 

smears at the top of the gel (Fig. 4.3, lanes 1-4) and as distinct bands (Fig. 4.3 , lane 5). A 

low-molecular-mass protein of ca. 14-18 kDa, which was eluted from near the bromophenol 

front, yielded five protein bands with caseinolytic activity (Fig. 4.3, lane 5). The sizes of 

these bands were in agreement with those of proteins that could be observed in the crude 

enzyme solution. This suggested that the large caseinolytic protein of ca. 66 kDa was 

probably a multimer comprising separate monomers that could associate in more than one 

caseinolytically active combination. Alternatively, the results may indicate self-autolysis of 

the major enzyme thereby yielding differently sized truncated forms of the protein of which 

some may exhibit activity. 

4.3.3. 	 Construction of a Geobacillus sp. PA-9 genomic DNA library and functional 

screening of the library in B. megaterium MS941 and E. coli DH5a 

As an alternative to the strategies based on enzyme purification towards isolating the 

protease-encoding genes of Geobacillus sp. PA-9, a genomic DNA library of isolate PA-9 

was constructed in E. coli using the E. coli!B. megaterium shuttle vector pSVBI as cloning 

vector. The genomic DNA library was subsequently screened on casein-containing media for 

clones displaying proteolytic activity in both B. megaterium and E. coli as hosts. 

Although transformation of B. megaterium protoplasts was not very efficient (an estimated 

transformation efficiency of 20% was obtained), screening in a Bacillus host has the 

advantage of the recombinant protein being potentially secreted to the extracellular milieu, 

thereby greatly facilitating identification of protease-active clones and simplifying 
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subsequent purification of the extracellular enzyme. However, the Bacillus megaterium 

strain MS941 used in this study possesses a residual 14% protease activity, which is due to 

the presence of a minor protease (Wittichen and Meinhardt, 1995), which manifested as a 

background activity that was difficult to differentiate from recombinant protease-active 

clones. Thus, all of the 408 transfonnants, representing less that 10% of the total Geobacillus 

sp. PA-9 genome, screened in B. megaterium as host were regarded as negative for 

heterologous protease production, as they did not display significantly higher levels of 

proteolytic activity than the nonrecombinant host strain on casein agar plates. In addition, 

subcultures of transfonnants grew poorly or not at all and the use of B. megaterium as a 

screening host was therefore suspended. 

Due to the problems encountered in using B. megaterium MS941 as host for screening of the 

genomic DNA library, further screening for protease-encoding genes of Geobacillus PA-9 

was perfonned in E. coli DH5a using LB broth containing casein and on casein agar plates. 

A total of 10 000 transfonnants were screened, comprising 4 383 that were screened in broth 

and 5 61 7 that were screened on agar medium. None of the transfonnants exhibited protease 

activity. Screening on agar medium, however, yielded eight recombinant colonies that were 

initially thOUght to be protease-positive, but upon closer investigation they showed activity 

against 4-hydroxyphenylacetate (Chapter 5). 

Taking into account that the Bacillus spp. genome is ca. 4.2 Mb in size and that the library 

was comprised of fragments with an average length of 4 kb, it was calculated, using the 

fonnula of Clarke and Carbon (Old and Primrose, 1994), that between 3 000 and 5 000 

independent recombinants would be required to achieve a probability of 95 and 99%, 

respectively, of finding a recombinant clone displaying protease activity. This implied that 

even if the genomic DNA library was only 50% representative, then 6 000 to 10 000 

recombinant clones would have to be screened to isolate a protease-positive recombinant 

clone. For an organism producing at least eight different protease enzymes and presumably 

encoded by different genes, it was expected that at least one protease gene would be obtained 

upon screening at most 1 000 recombinant clones. No protease gene(s) was, however, 

obtained, suggesting an absence of a restriction fragment with a complete protease gene, i.e. 

with func tional promoter and signal sequences. The limit digest used during construction the 

library may have resulted in a slightly less than random library and could also have resulted 

in the internal cleavage of the full-length protease gene(s), thereby affecting the outcome. 
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Fig. 4.3 	 Zymogram analysis of proteins purified from negative-stained SDS-PAGE gels. Five 


different protein bands (lanes 1 to 5), corresponding to caseinolytic proteases observed in a 


cmde enzyme solution (lane 6) prepared from the supernatant of a Geobacillus sp. PA-9 


culture, were eluted as single bands from a SDS-PAGE gel after negative staining. Arrows 


or brackets indicate positions on the gels at which caseinolytic activity was observed. 
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The importance of promoter and signal sequences in the efficient processing and export of 

extracellular and cell wall-bound proteins in prokaryotes is well documented (Finkelstein et 

ai. , 1983; Ikemura et ai., 1987; Zhu et at., 1989; Peek et at., 1993), and it has been reported 

that a signal peptide is required in the efficient processing of heterologous extracellular 

proteins and enzymes when using E. coli as host (Peek et al., 1993). Other approaches, 

which may in future studies be used to overcome the obstacles, include the construction and 

screening of a library harbouring large gene fragments (8-23-kb fragments) in cosmids (Van 

Den Burg et al., 1991), use of oligonucleotide primers that had been designed based on 

previously characterised protease genes to screen library by hybridisation or to PCR-amplify 

the desired cognate genes (O 'Donohue et ai., 1994; Vecerek and Venema, 2000), and the use 

of an expression-cloning system consisting of an appropriate promoter, pre-prosequence, 

prosequence, signal sequence, transcriptional start site and a termination signal (Dalb0ge, 

1997). 

4.3.4. 	 Screening of the Geobacillus sp. PA-9 genomic DNA library using PCR

generated probes 

To design oligonucleotide primers, which could be used to PCR-amplify the alkaline serine 

protease-encoding genes from the genomic DNA of Geobacillus sp. PA-9, multiple sequence 

aligrunent of the amino acid sequences of several alkaline serine proteases was perfomled. 

The results indicated that the proteases could be grouped into two distinct groups; one group 

represented by B. stearothermophilus (GenBank Accession no. AY028615) and the second 

group by Bacillus sp. (GenBank Accession no. 0-13158) (see Appendix II). Two sets of 

primers, FRDI IFRD2 and RDIIRD2 (Table 4.1), were subsequently designed based on the 

nucleotide sequences of the pre-pro sequence regions of the respective proteases. These 

primer sets were then used in PCRs together with genomic DNA of Geobacillus sp. PA-9 at 

an annealing temperature of 53°C for 1 min. Amplification using the FRD I and FRD2 

primers yielded a single amplicon of 1.2 kb, while primers RDI and RD2 generated a single 

amplicon of 1.5 kb. The respective sizes of the two amplicons were in agreement with the 

expected size range, i.e. 0.8 to 2.0 kb. The respective amplicons were presumed to represent 

alkaline protease genes and were subsequently labeled with DIG-dUTP and used as probes to 

screen the genomic DNA library. The labeled probes, designated II2 (obtained from primer 

set FRDI IFRD2) and Ih (obtained from primer set RDIIRD2), respectively, were hybridised 

at 42°C to colony blots prepared from the transformation plates. 
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Under these conditions, probe Ih exhibited non-specific hybridisation and was excluded from 

further use. Of the 1 244 clones screened, fifteen hybridised to probe II3 . The 15 

hybridisation-positive clones were subcultured, plasmid DNA isolated and characterised by 

digestion with HindIII to confinn the presence of a cloned DNA insert and to estimate their 

relative sizes (result not shown). Of the 15 clones, 7 did not contain a cloned DNA insert or 

the insert DNA might have been too small to be resolved on the 1 % (w/v) agarose gel (clones 

5, 8 through 12 and 14). Clones 1, 2,6, 7 and 13 each contained a DNA fragment of ca. 5.0 

kb, while clones 3, 4, and 15 contained fragments of 1.9,. 6.0 and 5.7 kb, respectively. The 

nucleotide sequence of the DNA inserts in clones 1,3, 7, 13 and 15 was detennined in pSVBI 

using the F-pSVBI and R-pSVBI sequencing primers (see Appendix III). All the clones 

contained DNA fragments, which displayed homology to enzymes of the glycolytic pathway. 

These included phosphoglycerate mutase (clones 1, 3, 7 and 15) and enolase (clone 13). The 

hybridisation to glycolytic genes suggested that the probe had a high specificity to genes in 

this pathway. Alternatively, it suggested that the proteases of PA-9 might not share high 

homology with the known protease genes. Screening using the above probes was therefore 

suspended. 

4.3.5. Identification of protease-encoding genes by peR 

Since annealing of the two primer sets to template DNA at 53°C for 1 min resulted in the 

amplification of a single amplicon each, the PCR reaction conditions were relaxed to allow 

for a greater degree of non-specific annealing of the primers to template DNA. 

Consequently, the annealing conditions were adjusted to 52°C for 45 s. Using these 

conditions, several amplicons of different sizes were generated. Amplicons obtained using 

primers FRDI and FRD2 were designated 911, 912, and 913, while those obtained by making 

use of primers RDl and RD2 were designated 9II1 through 91I9 (Fig. 4.4). Six of the 

amplicons (911, 9II\, 9II2, 9II3, 91~ and 9IIs) were purified and cloned into the pGEM®-T 

Easy vector and the nucleotide sequence of each cloned insert DNA was detennined 

(Appendix IV). Their identity was detennined by searching the GenBank database for 

homologues using BLAST-N (Table 4.2). The PA-9 amplicons shared homologies with 

different proteins, which included: sigma factorihypothetical regulatory protein (91Iz) 

involved in the transcription of proteins, alanyl-tRNA synthetase (9II3) involved in translation 

of proteins, hypothetical protein (91~) of unknown function, and ABC Fe3 
+ transporterlBP-2 

peri plasm binding protein (9IIs) involved in protein transport / export. 
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EcoRllHindii 

912 9 13 9111 9112 9113 9114 9115 9116 9117 9118 9119 DNA marker 911 
---

2 1.226kb 

5.148kb,4.973kb 
4 .268kb 
3. 530kb 

2.027kb, 1.904kb 
1.584kb 
1. 375kb 

O.947kb 
0.831 kb 

0.564kb 

Fig. 4.4 	 Agarose gel electrophoretic analysis of purified amplicons. Genomic DNA of Geobacillus 

sp. PA-9 was used as template DNA in PCR reactions with either primers FRD I and FRD2 

to generate amplicons 91 1 to 913, or with primers RD I and RD2 to generate amplicons 9II 1 

through 9II9. The sizes of the DNA molecular weight marker, phage Ie DNA digested with 

both EcoRI and HindlII, are indicated to the right of the figure . 

Table 4.2: Summary of the amplicons sequenced, their homologous proteins and putative 

function of the homologous proteins 

Amplicon Length of 
sequence (nt) 

-
BLAST-N homologue :Predicted function 

9IJ 679 Hypothetical protein Unknown 

9IIJ 601 5-methyltetrahydrofolate 5-homocystein C 1 carrier in metabolism 
synthetase 

9Ih 677 Sigma factor / hypothetical regulatory protein RNA polymerase binding 

9Ih 808 Alanyl-tRNA synthetase Translation 

9II4 I 223 Hypothetical protein Unknown 

9IIs 1 355 ABC Fe3 
+ transporter / BP-2 periplasm binding Membrane transport 

protein 
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From the foregoing, it could be concluded that the oligonucleotide primers were not specific 

for the protease-encoding genes of Geobacillus sp. PA-9, as none of the PeR-amplified 

genomic DNA fragments displayed homology to known protease gene(s). These results 

suggested either that the protease(s) from PA-9are unique and share no or very low levels of 

homology to any protease identified so far, or that the regions from which the primers were 

designed are conserved in a number of non-protease genes. The most likely explanation for 

the results obtained, however, is that the primers were not specific for alkaline serine protease 

genes only. Using BLAST-N, the primers displayed homology to non-protease genes, though 

to a lower level compared to alkaline protease-encoding genes. 

Additionally, the result of the partially purified enzyme and the accompanying zymogram 

and SDS-PAGE analyses (Figs. 4.1 , 4.2 and 4.3) appeared to point to the production of, 

among others, a multimeric protease, capable of dissociating into either smaller subunits or 

truncated forms of a large protein, some of which were active on their own (Fig. 4.3). 

Multimeric enzymes have been described among the metalloenzymes (Dos Santos et at., 

2000), thermostable ,B-mannanase and a-galactosidase from Bacillus stearothermophilus 

(Talbot and Sygusch, 1990), and L-proline dehydrogenase from Thermococcus profundus 

(Sakuraba et aI. , 2001 ). However, whether separate subunits possess activity has not been 

highlighted in literature, but oligomerisation has been observed among thermophilic enzymes 

as a means to enhance thennostability (Kumar et aI., 2000). Only once the enzyme(s) has 

been purified to homogeneity and gene(s) encoding for the protease have been isolated and 

sequenced, will the true nature of this protease be deciphered. 
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CHAPTER FIVE * 


NUCLEOTIDE SEQUENCE AND BIOCHEMICAL CHARACTERISATION OF A 


4-HYDROXYPHENYLACETIC ACID 3-HYDROXYLASE FROM THERMOPHILIC 


Geobacillus sp. P A-9 

ABSTRACT 

A recombinant clone encoding the hydroxylase involved in the meta-cleavage pathway of 4

hydroxylphenylacetic acid (4-HPA) was isolated from a genomic DNA library of Geobacillus 

sp. PA-9. The 2.7-kb DNA fragment was completely sequenced and three open reading 

frames (ORFs), designated as pheH, pheH2 and pheC, could be identified. Whereas PheH 

(56 269 Da) exhibited homology to several members of the 4-hydroxyphenylacetate 3

hydroxylase (HpaB) family of proteins, PheH2 (8 035 Da) did not show significant sequence 

homology to previously characterised proteins. The deduced amino acid sequence of the 

third C-tenninal truncated ORF (pheC) exhibited homology to 3,4-dihydroxyphenylacetate 

2,3-dioxygenase enzymes. Biochemical characterisation of the crude 4-hydroxyphenylacetic 

acid 3-hydroxylase (4-HPA 3-hydroxylase) indicated that it is a moderately thennophilic 

intracellular enzyme. The enzyme was alkalophilic, with a maximwn activity at pH 9.0. The 

enzyme was active in the temperature range of 45-65°C, with a maximum at 50°C. The PheH 

protein was purified by affinity chromatography and SDS-PAGE analysis revealed a 

molecular mass of 56 kDa, which is in agreement with the theoretical size of the monomeric 

protein. However, the purified PheH did not display hydroxylase activity, suggesting that the 

Geobacillus 4-HPA 3-hydroxylase is composed of two proteins with PheH being the 

hydroxylase and PheH2 serving as a "helper" protein required for productive hydroxylation 

of the substrate. 

*This chapter has been submitted for publication: 


Hawumba, 1.F., Brazel, V.S. and Theron, 1. (2003). Nucleotide sequence and biochemical characterization of a 


4-hydroxyphenylacetic acid 3-hydroxylase from thermophilic Geobacillus sp. PA-9. Submitted for pUblication: 


Applied and Environmental Microbiology. 
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5.1. INTRODUCTION 

Degradation of aromatic compounds including phenolics, e.g. phenol, cresol, benzoate and 

catechol, as well as substituted aromatics, e.g. 4-hydroxyphenylacetic acid (4-HP A) and 3,4

dihydroxyphenylacetic acid (3,4-DHPA), has been widely studied among mesophiles, and 

several degradation pathways have been elucidated (Cooper and Skinner, 1980; Kim and 

Oriel, 1995; Ali et al., 1998; Duffner et aI., 2000). In contrast, there is relatively little 

information on the degradation of these compounds by thermophilic microorganisms. 

Thermophilic degradation conditions may be more advantageous in terms of higher metabolic 

rates, higher solubility and bio-availability of many organic pollutants, lower sludge 

production and increased enzyme stability (Duffner and MUller, 1998). 

Catabolism of phenolics proceeds through cleavage of the aromatic ring via the ortho

(Intradiol) or meta-(Extradiol) pathways (Cooper and Skinner, 1980; Que et aI., 1981 ). 

Gram-positive bacteria (Spamins and Chapman, 1976), including thermophilic Bacilli (Ali et 

ai. , 1998), utilise the meta-pathway in the catabolism of phenolic compounds. Degradation 

by the meta-cleavage pathway involves (a) hydroxylation of phenol to catechol by phenol 

hydroxylase; (b) ring fission via catechol 2,3-dioxygenase to 2-hydroxymuconic 

semialdehyde; and (c) either oxidation to 4-oxalocrotonate by NAD+-dependent 

dehydrogenase, or hydrolysis to 2-oxopent-4-enoate (Buswell, 1974; Ali et ai., 1998). 

Hydroxylation at C3 of the benzene nucleus of L-tyrosine (Fig. 5.1 ), 4-HPA and 

phenylacetate yields 3,4-dihydroxyphenylacetic acid (3,4-DHP A), which is also referred to as 

homoprotocatechuic acid (Sparnins et aI., 1974; Sparnins and Chapman, 1976; Cooper and 

Skinner, 1980). 3,4-DHP A is subsequently metabolised to carbon dioxide, pyruvate and 

succinate as the final products via 5-carboxymethyl 2-hydroxymuconic semialdehyde. If 3,4

DHP A is not metabolised further, its intracellular accumulation may lead to the production of 

a brown oxidation product that leaks from the cells, and results in the colonies displaying a 

brown colour (Cooper and Skinner, 1980). Alternatively, oxidation of the hydroxyl group at 

C3 may be accompanied by a shift of the acetic acid side chain, resulting in the formation of 

homogentisic acid (2,5-dihydroxyphenylacetic acid) as the major metabolic intermediate 

(Blakley, 1972; Hareland, 1975). 
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Fig. 5.1 Proposed steps in the degradation of L-tyrosine to pyruvic and succinic acids. Reacions 4 

through 10 are those previously described for strains Acinetobacter and Pseudomonas 

putida. The key intennediates are as follows: 4-hydroxyphenylacetic acid (IV); 3,4

dihydroxyphenylacetic acid (V); 5-carboxymethyl-2-hydroxymuconic acid semialdehyde 

(VI); 2-hydroxyhepta-2,4-diene-1 , 7 -dioic acid (VII); 4-hydroxy-2-ketopimelic acid (IX). 

(AdaptedJrom Cooper and Skinner, 1980) 
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Owing to their exceptional stability, the 4-hydroxyphenylacetate 3-hydroxylase enzymes 

from Pseudomonas putida and Pseudomonas putida U, respectively, have been purified to 

homogeneity (Raju et at., 1988; Fernandez-Medarde and Luengo, 1997). A number of 

phenol degradation pathways and their constituent enzymes have also been described among 

thermophilic Bacillus spp. (Dong et al., 1992; Kim and Oriel, 1995 ; Duffner et ai. , 2000), but 

few genes have been cloned and sequenced to date (Dong et ai., 1992; Duffner et at., 2000). 

In this part of the study, the identification, cloning and characterisation of a 4

hydroxyphenylacetic acid 3-hydroxylase (4-HPA 3-hydroxylase) from the thermophile 

Geobacillus sp. PA-9 is reported and its relationship with previously published sequences is 

discussed. 

5.2. MATERIALS AND METHODS 

5.2.1. Bacterial strains, plasmids and growth conditions 

The bacterial strains and plasmids used in this part of the study are listed in Table 5.1. 

Geobacillus sp. P A-9 was cultured at 55°C in modified Castenholtz medium as described 

previously (Section 3.3.2). Escherichia coii strains DH5a and MC1061 were used as the 

hosts for the cloning procedures, and were grown in Luria-Bertani (LB) liquid medium (0.5% 

[w/v] yeast extract, 1% [w/v] tryptone, 1% [w/v] NaCI; pH 7.4) or on LB agar plates at 37°C. 

The media were supplemented when necessary with 100 l1g1ml ampicillin or 10 l1g/ml 

tetracycline to select recombinants. The vectors pBluescript SK II (+) (Stratagene) and 

pSVBI (obtained from F. Meinhardt and K-D. Wittchen, Westfal ische Wilhelms-Universitat 

MUnster, Institut fUr Mikrobiologie, MUnster, Germany) were used for cloning and DNA 

sequencing, and the vector pMP220, containing a promoterless iacZ gene (obtained from V. 

Venturi, Bacteriology Group, International Centre for Genetic Engineering and Biotechnolgy, 

Trieste, Italy), was used to screen for promoter activity. 

5.2.2. Preparation of plasmid DNA 

Plasmid DNA was prepared by the alkaline lysis method as described by Sambrook et at. 

(1989). 
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5.2.3. Origin of a clone displaying 4-HPA bydroxylase activity 

The construction of a genomic library from Geobacillus sp. PA-9 had been described 

previously (Section 4.2.7). Briefly, the Geobacillus sp. P A-9 genomic DNA was digested 

with HindllI and 1- to 8-kb fragments were ligated with HindIII-digested pSVBI DNA. 

During screening of the transform ants (E. coli as host) for proteolytic activity, several clones 

producing a brown pigment were identified (Section 4.3.5). Plasmid pSVBI-RI1 3 represents 

one on the clones isolated from the genomic library and harbours a 2.7-kb insert, as 

confirmed by restriction enzyme analysis with HindII!. The insert was recloned into the 

HindIII site of plasmid pBluescript SK II (+), to yield plasmid pBluescript-RI13. 

5.2.4. DNA sequencing 

Plasmids pSVBI-RI13 and pBluescript-RI 13 were used as the templates for DNA 

sequencing. The nucleotide sequence of both strands of the 2 71 5-bp insert was determined 

by automated sequencing with an ABI PRISM™ BigDye™ Terminator Cycle Sequencing 

Ready Reaction mixture (perkin-Elmer Applied Biosystems, Foster City, CA, USA), in a 

Hitachi 3100 capillary array automated DNA sequencer. From the sequence obtained several 

insert-specific primers were designed (Table 5.2), and used to determine the sequence of the 

full-length insert and to obtain good overlaps in both strands. 

5.3.5. Nucleotide and deduced amino acid sequence analysis 

The nucleotide sequence was edited using the Sequence Analysis 3. 1 and Sequencing 

Navigator 1.0.1 programmes, included in the ABI PRISM ™ software package (Perkin-Elmer 

Applied Biosystems). The deduced amino acid sequence was analysed using the complete 

nonredundant protein sequence database (NCB I) to search for protein homology and domain 

composition. Sequence alignments were done using ClustalX (Thompson et ai., 1997), and 

signal peptide identification was performed through SignalP software (Henrik et ai. , 1997) . 

The physico-chemical properties of the deduced amino acid sequence were determined using 

the sequence analysis tools available at the ExPASY server (http://www.expasy.org/), while 

the presence of defined protein patterns were determined using the SMART database (at 

http://www.smart.embl_heidelberg.de). A dendogram was constructed using the neighbour

joining algorithm (Saitou and Nei, 1987) and the tree was displayed with NJPLOT. 
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Table 5. 1: Bacterial strains and plasmids used in the study 

Strains and plasmids Relevant properties Source 

Bacterial strains: 

Geobacillus sp. PA-9 Hawumba et al. (2002) 
Escherichia coli DH5~ hsdR recA lacZYA ~ 80dlacZb.M15 Stratagene 
Escherichia coli MC106l XylE, /l(lac )X74 W.H. van Zyla 

Plasmids: 

pMP220 LacTTd V. Venturib 

pSVBI E. coli/B. megaterium shuttle vector, Td, Amp' F. Meinhardt and K-D. WittchenC 

pBluescript SK II (+) Cloning vector, ColEl, Amp', LacZ~peptide Stratagene 
pSVBI-R l13 2.7-kb genomic DNA fragment of Geobacillus sp. This study, Chapter 4 

PA-9 cloned into the HindlIl site ofpSVBI 
pBluescript-Rl13 Insert from pSVBI-Rl13 cloned into the HindlIl This study 

site of pBluescript SK II (+) 

a W.H. van Zyl, Department of Microbiology, University of Stellenboch, South Africa 
b V. Venturi, Bacteriology Group, International Centre for Genetic Engineering and Biotechnolgy, Area 

Science Park, Trieste, Italy 
C F. Meinhardt and K-D. Wittchen, Westfalische Wilhelms-Universitat Mlinster, Institut fiir Milaobiologie, 

Miinster, Germany 

Table 5.2: Primers used in this study 

Oligonucleotide pr imer Nucleic acid sequence Source 

Nucleic acid seguencin2: 

F-pSVBI 5'-GGGATCAACTITGGGAGAG-3' This study 
R-pSVBI 5'-GGCGATTAAGTTGGGTAACG-3' This study 
T3 5'-AA TTAACCCTCACTAAAGGG-3' Stratagene 
T7 5'-GTAATACGACTCACTATAGGG-3' Stratagene 
IT3 5'-GGAGTAT ATGGAGCGGC-3' This study 
ITI 5'-GTAGCfAAGCGCTTCGAG-3' This study 
EXT3 5'-GCCATTCCGAACAATACGC-3' This study 
EXT7 5'-GACTGTCACACACGAATCG-3' This study 
113Fd 5'-GGTGACGGATGTAAAGAG-3' This study 
113Rv 5'-GT A TACAAGCGGACGAAG-3' This study 

peR Amplification*: 

Fp-Promoter 5'-gaagatcTTCGGAA TGTGACG-3' ; BglII site incorporated This study 
Rp-Promoter 5'-gctctagGCCTTTCCTGTITGGC-3'; XbaI site incorporated This study 

* In primer sequences, the restriction endonuclease sites are indicated in bold lower case letters 
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5.2.6. Isolation of the putative promoter region 

No typical -10 and -35 promoter regions of the putative gene encoding the 4

hydroxyphenylacetic acid 3-hydroxylase could be identified upstream of the start codon. 

Consequently, to verify the presence of a promoter in this region, oligonucleotide primers Fp

promoter (containing a Bgffi site) and Rp-promoter (containing a XbaI site) (Table 5.2) were 

designed to amplify a 280-bp region of the upstream sequence. The reaction mixture (50 JlI) 

contained 1 x PCR buffer, 1.5 mM MgCh, 50 ng of pSVBI-Rl13 plasmid DNA as template, 

50 pmol of each primer, 50 rnM of each dNTP, and 1 U of Taq polymerase (Southern Cross 

Biotechnology, South Africa). After initial denaturation at 96°C for 2 min, the tubes were 

subjected to 30 cycles of denaturation (94°C, 30 s), annealing (58°C, 30 s), and extension 

(72°C, 45 s) in a Perkin-Elmer 2400 themocycler (Applied Biosystems, Hercules, CA, USA). 

Cycling was completed by a final elongation step at nOc for 7 min. An aliquot (5 Jl I) of the 

reaction mixture was electrophoresed on a 1% (w/v) agarose gel in the presence of an 

appropriate DNA molecular weight marker (phage A DNA digested with both EcoRI and 

HindlII). 

5.2.7. Cloning of the promoter fragment 

Promoter probe vector pMP220 was used to assay promoter activity of the 280-bp PCR

amplified fragment. The amplicon was purified using the Wizard SV Gel and PCR Clean-Up 

system (Promega Corporation, Madison, WI, USA), digested with restriction enzymes Bgffi 

(Roche) and XbaI (Promega), and ligated into the BgffilXbaI sites, upstream of the 

promoterless lacZ gene, of pMP220. The ligation reaction mixture was used to transform 

competent E. coli MC 1 061 cells, prepared as described by Chung and Miller (1993), and the 

transformation mixtures were plated onto LB agar plates supplemented with 10 Jlglml of 

tetracycline. Putative recombinant transformants were randomly selected, cultured overnight 

at 37°C, and the extracted plasmid DNA was characterised by restriction digestion with both 

XbaI and Bgffi followed by agarose gel electrophoresis. 

5.2.S. Assay for promoter activity 

To assay for expression of tJ-galactosidase, E coli MC 1061 strains harbouring recombinant 

pMP220 plasmid DNA were streaked onto LB agar plates supplemented with tetracycline (10 

Jlglml) and 40 Jlglml X-Gal. Production of tJ-galactosidase was indicated by the appearance 
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of blue colonies. As a negative control, E. coli MC 1061 transfonned with non-recombinant 

pMP220 plasmid DNA was included in the assay. 

5.2.9. Preparation of cell extracts and fractions 

To investigate the cellular localisation of the enzyme, recombinant E. coli/pSVBI-R 11 3 was 

cultured in LB broth until late exponential phase (I6-20 h). At this stage, the culture was 

beginning to tum brown. For preparation of cell fractions, cells were harvested by 

centrifugation at 7000 rpm for 10 min at 4°C, and both the supernatant and the cell pellet 

kept. The pellet was washed twice in 50 ruM phosphate buffer (PH 7.2), suspended in the 

same buffer and the cells were lysed by 15-s pulses for 5 min using an Ultrasonic 

Homogenizer at an output of 80% (Cole-Palmer Instruments Co., Chicago, Ill, USA). The 

cell lysate was cleared by centrifugation (7 000 rpm, 10 min) and the supernatant, considered 

as the cytoplasmic fraction, recovered for further analysis. The remaining pellet, consisting 

mainly of membrane proteins, was subsequently suspended in 50 mM phosphate buffer (PH 

7.2). The three fractions (cell-free culture medium, cytoplasmic extract and cell debris) were 

assayed for enzyme activity at optimal conditions of temperature and pH as described below. 

5.2.10. Assay for 4-bydroxypbeoylacetic acid 3-bydroxyJase activity 

Enzyme activity was determined by measuring the liberation of 3,4-dihydroxyphenyl acetic 

acid (3,4-DHPA) from 4-hydroxyphenylacetic acid (4-HPA; Sigma, St. Louis, MO, USA) 

according to the method of Anrow (1 937). The reaction mixture contained the following in a 

800-I.tI volume: 387.5 J.lI of 50 mM Tris-HCl buffer (PH 9),50).11 of 10 mM NADH, 2.5 J.lI of 

10 mM FAD, 250 J.lI of 10 ruM 4-HPA, and 10 ).11 of 10 ruM Fe2 
+. The mixture was 

equilibrated at 50°C for 5 min after which 100 ).11 of the ceH extract was added, and the 

mixture incubated at 50°C for 30 min. The reaction was tenninated by addition of 200 ).11of 

8% (w/v) trichloroacetic acid. After centri fugation (I5 000 rpm, 5 min), the supernatant was 

transferred to a clean test tube and the liberated 3,4-DHP A detennined by the method of 

Anrow (1937). Briefly, 1 ml of each 0.5 N HC1, 2% (w/v) nitrite-molybdate reagent and 1 M 

NaOH were added, in this order, to the supernatant and vortexed after each addition. The 

volume was adj usted to 5 ml with distilled water and the absorbance at 510 nm was read 

against a reagent blank using a Genesys spectrophotometer (Spectronic Instruments, USA). 

The absorbance of 1 ml of3,4-DHPA (5 mg %; Sigma) was also detennined and the moles of 

3,4-DHPA liberated were calculated in relation to that of the standard. 
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5.2.11. Effect of pH and temperature on enzyme activity 

The influence of pH on enzyme activity was determined in the following buffers: pH 4, 50 

mM acetate buffer; pH 6,50 roM pyridine buffer; pH 7, 50 mM phosphate buffer; pH 8-9, 50 

mM Tris-HCI buffer; pH 10-11, 50 mM methylamine-HCI; and pH 12, 50 mM phosphate 

buffer. The reaction mixtures at the above pH values were incubated at 50°C for 30 min. To 

determine the influence of temperature on enzyme activity, samples were incubated in 50 

mM Tris-HCI buffer (PH 9) at various temperatures ranging from 25 to 90°C. In all cases, 

the enzyme activity was determined as described above. 

5.2.12. Preparation of 4-HPA-coupled amino-agarose 

Amino-agarose (ICN Biochemicals Inc., Ohio, USA) and 4-HP A were coupled according to 

the method of Cuatrecasas (1970). Briefly, a BUchner funnel containing a moistened filter 

paper was prepared. Amino-agarose (suspended in 8 ml of water) was poured into the filter 

funnel and washed with 50 mM phosphate buffer (PH 7.2). The funnel with the washed 

amino-agarose was removed from the filtering flask and its outlet covered tightly with 

Parafilm. The ligand (4-HPA; 5 mg % in 50 mM cold phosphate buffer, pH 7.2) and equal to 

the volume of the amino-agarose was added, and the suspension was mixed inunediately with 

a stirring glass rod, followed by washing with phosphate buffer. The entire procedure of 

washing, adding ligand solution and mixing was limited to 2 min. The suspension was then 

transferred to a glass beaker containing a stirrer magnetic bar and gently stirred for 16 h at 

4°C. The efficiency of coupling was tested as described by Raju et al. (1988) by formation of 

a violet colour after treating an aliquot of the matrix with diazotized p -nitroani line, followed 

by 10 % (w/v) NaOH. 

5.2.13. Enzyme purification 

The enzyme was purifi ed by affinity chromatography from the cytoplasmic extract prepared 

from a 100-ml recombinant E. coli culture, grown in LB broth overnight at 37°C in a shaking 

incubator. The enzyme extract (10 ml) was loaded onto a 4-HPA-coupled amino-agarose 

column (8 mm x 152 nun) and unbound proteins were removed by washing the column with 

five volumes of the 50 mM phosphate buffer (PH 7.2). The bound enzyme was eluted from 

the column using 50 mM sodium acetate buffer (PH 5.2). The purified enzyme was tested for 

activity using the standard enzyme activity assay in 50 mM Tris-HCI (PH 9) at 50°C as 
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described above (Section 5.2.10), and its molecular mass determined using SDS-PAGE gel 

electrophoresis. 

5.2.14. Electrophoresis 

After affinity chromatography, the purified protein was analysed by 12% SDS-PAGE gels, 

essentially as described by Laemmli (1970). The following molecular mass markers (lCN 

Biochemicals Inc. , Ohio, USA) were used: cytochrome C, 13 kDa; myoglobin, 18kDa; 

chymotrypsinogen A, 24 kDa; ovalbumin, 45 kDa; bovine serum albumin, 67 kDa; gamma 

('Y) globulin, 160 kDa. 

5.3. RESULTS AND DISCUSSION 

5.3.1. Characterisation of a clone encoding a putative 4-HPA bydroxylase 

Recombinant E. coli colonies producing a diffusible brown pigment were serendipitously 

identified while screening a genomic library of the newly characterised Geobacillus isolate 

PA-9 for proteolytic enzymes (Section 4.3.5). This brown pigment has been identified as a 

polymer similar to melanin and may result from the formation of quinones after subsequent 

polymerisation (Gibello et a!. , 1995). Among the aromatic compounds able to produce 

quinones by spontaneous oxidation are dihydroxylated aromatic· compounds (catechol, 

resorcinol, 3,4-dihydroxybenzoate and 3,4-dihydroxyphenylacetic acid) and DL

dihydroxyphenylalanine (Gibello et al., 1995). The brown pigment production by the clones 

thus suggested that a component in LB medium acts as a substrate for the enzyme(s) 

synthesised by the genes contained on the cloned genomic DNA fragment. To confirm that 

production of the pigment was indeed plasmid encoded, the extracted recombinant plasmid 

DNA, designated as pSVBl-Rl13 , was digested with HindUl and an excised 2.7-kb fragment 

was subsequently cloned into pBluescript SK II (+) vector. The resultant recombinant 

plasmid (pBluescript-R I13) was used to transform competent E. coli DH5a cells. 

Transformed E. coli colonies also produced the brown pigment, and its production appeared 

to be independent of the orientation of the cloned DNA fragment relative to the lac promoter 

of the pBluescript SK II (+) vector. These results therefore suggested that the gene(s) on the 

cloned DNA fragment was transcribed from its own promoter and possibly contained the full

length gene(s). 
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5.3.2. 	 Nucleotide sequence analysis of tbe 4-HPA bydroxylase-encoding region of 

Geobacillus isolate P A-9 

In order to identify the gene(s) on pSVBI-RI13, the sequences of both strands of the 2.7-kb 

Hindlll fragment were determined by the primer walking method using newly constructed 

oligonucleotides (Table 5.2). Analysis of the nucleotide sequence of the 2 715-bp HindlII 

fragment by using the ORF Finder program revealed the existence of three co-linear open 

reading frames (ORFs) (Fig. 5.2). 

The amino acid sequence deduced from the largest ORF exhibited homology to known 4

hydroxyphenylacetic acid 3-hydroxylase enzymes. The Geobacillus isolate P A-9 enzyme 

was thus designated PheH, and the corresponding gene designated p heH. The pheH gene 

starts at an ATG start codon at nucleotide 292 and terminates at a TGA stop codon at 

nucleotide 1 776, yielding an ORF of 1 484 nucleotides that encode a predicted protein of 

494 amino acids, with a molecular mass of 56 269 Da and a pI of 6.18. A putative ribosomal 

binding sequence (Shine and Dalgamo, 1974), AACGGA, is present upstream of the 

predicted start codon. Although no typical -10 and -35 promoter regions were identified 

upstream of the ATG codon of the pheH gene, the upstream region of the ORF was shown to 

contain a promoter (see below). No inverted repeat sequence for a possible transcription 

terminator was found downstream of the terminator codon. The G+C content of pheH is 

51 %, and the codon usage is typical for a Geobacillus gene with an average G+C content of 

69% in the third codon position (Duffner and Milller, 1998; Nakamura et aI., 2000). 

The second ORF is located downstream of the pheH gene and is in the same orientation as 

that ofpheH. The ORF was assigned as pheH2 and encodes for a protein of 70 amino acid 

residues initiating with an ATG at nucleotide position 2 068 and terminating at position 2 283 

by a following TGA codon. The predicted protein has a molecular mass and pI of 8 035 Da 

and 11.1, respectively. The ORF was preceded by a potential Shine-Dalgamo sequence 

(TGAAGG) and no inverted repeat sequence that resembled a putative transcription 

termination site could be identified downstream of the stop codon. Like the upstream pheH 

gene, pheH2 exhibits an average G+C content of 57% and a high frequency of G or C in the 

third position (55%). The intergenic region between pheH and pheH2 did not conspicuously 

show conserved promoter structures, suggesting that the pheH and pheH2 ORFs may be part 

of the same transcription unit. Database searches with the deduced amino acid sequence of 
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pheH2 did not allow for a func.tion to be assigned to the protein. The protein showed 

homology (29-32% amino acid sequence identity over 67 amino acids) to the hypothetical 

proteins of Magnetospirillum magnetotacticum (GenBank Accession no. ZP00056 133) and 

Microbulbifer degradans (GenBank Accession no. ZP00067553), respectively. It is, however, 

important to note that several 4-hydroxyphenylacetic acid 3-hydroxylase enzymes require a 

second smaller protein to function as part of a two-component system for optimum activity in 

the degradation of aromatic compounds (Duffner et al., 2000). Thus, it may be possible that 

PheH2 may play such a role in the 4-HPA 3-hydroxylase activity of Geobacillus isolate PA

9. 

The third ORF, designated as pheC, started at nucleotide position 2 458, but is still 

incomplete as no TGA stop codon could be identified. Preceding the A TG start codon, a 

putative ribosome binding sequence (AGCAGG), as well as potential -10 (GAATAT) and 

35 (ATGAAG) sequences were identified. Despite the deduced amino acid sequence derived 

from this ORF being truncated at its C-terminus, it nevertheless exhibited significant levels of 

homology to the amino acid sequence of 3,4-dihydroxyphenylacetate 2,3-digoxygenase 

enzymes. The highest level of homology was observed with the putative 3,4

dihydroxyphenylacetate 2,3-digoxygenase of Oceanobacillus iheyensis HTE831 (GenBank 

Accesion no. NP693790; 55% amino acid sequence identity over 54 amino acids) and of 

Arthrobacter globiformis (GenBank Accesion no. 139588; 45% amino acid sequence identity 

over 60 amino acids). Based on the results obtained by these database searches, it can be 

proposed that PheC of Geobacillus isolate PA-9 may be a 3,4-dihyroxyphenylacetate 2,3

digoxygenase. 

To · determine the presence of a promoter upstream of the start codon ofpheH, a lacZ fusion 

plasmid was constructed in a promoterless promoter probe vector pMP220, as described in 

Materials and Methods (Section 5.2.6). The expression of the lacZ fusion in E. coli MC I061 , 

of which the lac genes had been completely deleted, indicated that a 280-bp region upstream 

of the pheH gene contains a promoter, as colonies turned deep blue in colour after 12 hours of 

incubation on X-gal-containing agar plates (results not shown). E. coli MCI061 containing 

only the pMP220 vector did not turn blue. However, a more precise characterisation of the 

putative promoter and regulatory elements awaits further analysis by primer extension assays 

and mutagenesis analysis. 
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pheH 
241 GAAAACGGAGGGGATGAAAATG 

M K M 3 


301 CCGGCCAAAACAGGAAAGGAGTATATGGAGCGGCTCAAGCAGGCGAAAAGCAGCGTGTAC 

P A K T G KEY MER L K Q A K S S v Y 23 


361 ATCCACGGGGAAAAAGTGGAGGATGTCACCGTTCATCCCGCGTTCCGCAACGTCGTCCGC 

I H G E K V E D V T V H P A F R N V V R 43 


421 TCGATGGCGGCGCTTTACGACCGGCAATACGAAAAGCCGGAGAAGATGTTGTACCGGTCG 

SMA A L Y D R Q Y E K P E K M L Y R S 63 


481 CCGACAACCGGGCAGCCGGTCGGGATGACGTTCATTCAGCCAACTACGATTGACGAGCTC 

P T T G Q P V GMT F I Q P TTl DEL 83 


541 ATCGCCCGCCGCGAGGCGACGCAAGAGTGGGCGCGGATGTCGGCCGGAATGATGGGGCGC 

I A R REA T Q E WAR M SAG M M G R 103 


601 TCGCCTGATTATTTGAATGCCGAAGTCATGGCGATGGGCATCGCCAACGATTTGTTTGCC 

S P D Y L N A E V M A M G I AND L F A 123 


661 GAAGACGATCCGATGTTTGCCGAAAATGCGAAAAACTATTATGAATACGCGCGGGAACAC 

E D D P MFA E N A K N Y Y E Y ARE H 143 


721 GACATCAGCTTGACGCATACGCTCATCCATCCGCAAATGAACCGCGCCAAGGCGCTGCAC 

DIS L T H T L I H P Q M N R A K A L H 163 


781 GAACAAAACGATGCCGATGTGCCGCTTCATTTGGTGGAACGGCGCAAAGACGGGATCATC 

E Q N DAD V P L H L V ERR K D G I I 183 


841 GTCAGCGGCATCCGCCTATTGGCGACGCAAGGCGGCATCACCGATGAAATTTTAGTGTTT 

V S G I R L L A T Q G G lTD ElL V F 203 


901 CCCTCGACCGTGAAAAAAGCGACATCCGGCGAAGACCCATATGCGCTTGCCTTTGCCATT 

PST V K KAT S G E D PYA L A F A I 223 


961 CCGAACAATACGCCAGGCGTGAAGTTCATTTGCCGCGAGGCGTTTGACTACGGGCGGAGC 

P N N T P G V K F I C REA F D Y G R S 243 


1021 GCGTGGGATCATCCGCTGGCATCGCGTTTTGAGGAAGGCGATGCGATCGTTTCGTTTGAA 

A W D H P LAS R FEE G D A I V S F E 263 


1081 AATGTGTTTGTGCCGTGGGAGCGCGTGTTTGTGTGCGGCAATTCATCGATTTGCAACCGG 

N V F V P W E R V F V C G N S SIC N R 283 


1141 ACGTTCCGGGAAACGAACGCGGTTGTTCATATGTCCCATCAAGTCGTGGCGAAAAACATC 

T F RET N A V V H M S H Q V V A K N I 303 


1201 GTCAAAACGGAGTTTTTGCTTGGCGTCACCCTTTGCCTCATCGAAGCGATCGGCATCGGC 

V K T E F L L G V T L C LIE A I GIG 323 


1261 GAGTTCCAGCATGTGAAAGACAAAGGGGCGGAAATCATGCTCGTCCTCGAGACGATGAAA 

E F Q H V K D K G A ElM L V LET M K 343 


1321 AGCCATTTGTACCGGGCCGAGCACAATGCGAAGCGAGACCGTTGGGGAACGATGACGCCC 

S H L Y RAE H N A K R D R W G T M T P 363 


1381 GATTTTGCCGCGCTCGATGCCGCGCGCAACTGGTATCCGCGCATTTATCCGCGCCTGGCG 

D F A A L D A A R N W Y P R I Y P R L A 383 


1441 GAGATCATCCGCATTTTAGGGGCATCGGGGTTGATGGCGATTCCGACGGAGGCGGATTTT 

E I I R I L GAS G L M A I PTE A D F 403 
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1501 CAGCACGAGGAAATTGGCGACATCGTTCGCCGGGCGATGCAAGGGGCGACGGTGGACGGC 
Q H EEl G D I V R RAM Q GAT V D G 423 

1561 TATGAGCGCGTCCAGCTGTTCCGGCTCGCCTGGGATCTCACGATGAGCGCGTTCGGCGCC 
Y E R V Q L F R LAW D L T M S A F G A 443 

1621 CGGCAGACGCATTACGAATATTACTTTTTCGGCGACCCCGTTCGGATGGGGATGGCGTAT 
R Q THY E Y Y F F G D P V R M G MAY 463 

1681 TTCGATGGCTACGAAAAAGAGCCGTATAAACAGTTCGTGCGCGAATTTTTGCGCGGCGCC 
F D G Y EKE P Y K Q F V REF L R G A 483 

1741 AAAAGCGTGTTCATTCCGGCTGACAACAAGCATTGACCGTTCATTCGCACGTTCGCAAAC 
K S V F I PAD N K H * 494 

1801 
1861 
1921 
1981 

2041 

ACGGATCGGGGAACAGCGGAGGGTGCGCGGCTGCGGCGTTTCCTAAGAGGCTGGTGATTT 
CGTGCAAAATATGACTGATTCCATCTGTTTCTCAATTAGAGAAACCTTGCAGAATCAGCT 
TTCTTTTCTGAATGAAAATACCGCCGATTCGTGTGTGACAGTCGTTTGTCACCGCCCTTC 
TAAGGTTGCCGCCGCTCGAAAACAGGCGTTCAGTGGCGCGCAAGCCGAGCGGATTTGGGC 

pheH2 
GTGCTGCGAGATGTTTGAAGGAAAGGATGTGGCCAGCAACAAGGAACGTTTTGTTCCAT 

M W PAT R N V L F H 11 

2101 GTTCGCCAGCGGAAACGACGGCTTCTTTCTGTCGGCCGCCCAACGCTAGATGAAGGAAGG 
V R Q R K R R L L S V G R P T L D E G R 30 

2161 TTGCGAAAGGGGGAAGAGAACGATGGCATTTTCCATTATTCGCTGCGCCCGCGTGGTGCT 
L R K GEE N D G I F H Y S L R P R G A 50 

2221 GCATGTGACCGATTTGGCCCGCCGCCCGCGATTTTTACGAGCGGGTGCTTGGGTTTGTCG 
A CDR F G P P P A 1FT S G C L G L S 70 

2281 TGACGGAAGCGGATGAAGATCATCTGTATTTGCGGGGACTTGAAGAATATCATCATCATA 

* 
2341 GCCTTCTCTTGAAAAAGGCGCCCCGCCCTGCGGTCGAAGCGCTTAGCTACAAAGTCGGTT 

2401 
pheC 

CCGAGCAGGAATTGGAAGCGCTTTATGAATGGTTTGCGGCGCAAACGCTGAGCCGAAATG 

2461 
M 

GCTCGAAGCGGGAAGCCAGCGCGCCGTCGGCAAGGCGTTTCGCGTGAAGATCCATCCGGA 
A R S G K PAR R R Q G V S RED PSG 

1 

21 

2521 CTGCCGCTTGAGTTTTTTGCCCATATGGAGAAAACCGAGCGGTTGTTGCAGCGGTATGAC 
L P L E F F A H M E K T E R L L Q R Y D 41 

2581 TTGTACCGCGGCGCCCGCGTGCAGCGCATCGATCATTTCAACTGCGCGGTGACGGATGAA 
L Y R GAR V Q RID H F N C A V T D E 61 

2641 AGAGCGCATATGACTTTATGTCCGTGGTCTGGGCTTTGCCTGCTCAGAATATACGGAAAC 
R A H M T L C P W S G L C L L R I Y G N 81 

2701 AGAGGATGGGAAGCT 
R G W E A 

Fig.5.2 	 The nucleotide sequence of the 2715-bp HindIII fragment containing the genes of the 4

HPA 3-hydroxylase-encoding region of Geobacillus isolate PA-9 and the deduced amino 

acid sequence in one-letter code is shown. The ATG start and TGA stop codons of the 

predicted ORFs are shown in bold, and putative Shine-Dalgamo sequences are underlined. 

Putative -35 and -10 nucleotides upstream of the pceC ORF are indicated in italics. 
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5.3.3. Analysis of the deduced amino acid sequence of the putative 4-HPA 

3-hydroxyJase of Geobacillus isolate P A-9 

To gain a better understanding regarding the possible function of the predicted PheH enzyme 

of Geobacillus sp. PA-9, the protein was analysed using various internet-based bioinforrnatic 

progranunes, as indicated in Materials and Methods (Section 5.3.5). The calculated 

instability index (Guruprasad et al., 1990) and aliphatic index (Ikai, 1980) were 37.91 and 

77.19, respectively, suggesting that the protein is stable. The protein lacks an N-terrninal 

signal peptide sequence (Henrik et al., 1997) and is predicted to be localised to the 

cytoplasmic membrane (Klein et al., 1985). Analysis of the sequence with SMART revealed 

that PheH possesses an HpaB domain, which spans amino acid residues 108 to 482, and is 

conserved among the HpaB family of 4-hydroxyphenylacetic acid 3-hydroxylase enzymes. 

These enzymes catalyse the hydroxylation of 4-hydroxyphenylacetic acid (4-HP A), leading 

to the production of 3,4-DHPA (Sparnins et ai., 1974; Sparnins and Chapman, 1976; Cooper 

and Skinner, 1980). 

Comparison of the deduced amino acid sequence of pheH by a BLAST-P search to the 

sequences in the GenBank database revealed similarity to several 4-HP A hydroxylase 

enzymes, and the percentage identity between the closest matching sequences was calculated 

in pairwise alignments for the full-length proteins using LALIGN (Pearson et al., 1997). 

PheH displayed homology to putative 4-hydroxyphenylacetate 3-hydroxylases of several 

bacteria of which the completed genome sequences have recently been published. PheH 

showed the highest amino acid sequence identity to the enzyme of Oceanobacillus iheyensis 

HTE831 (67%; GenBank Accession No. NP693794), while lower identities were found to the 

enzymes of Bacillus halodurans (42%; GenBank Accession no. BAB07555), Deinoccocus 

radiodurans Rl (41%; GenBank Accession no. AAF12410), Yersinia pestis KIM (30%; 

GenBank Accession no. AAM86095) and Sulfolobus solfataricus (28%; GenBank Accession no. 

AAK42238). In addition to these hydroxylases, PheH also displayed 30% amino acid 

sequence identity with the hypothetical phenol hydroxylase of Sulfolobus tokodaii (GenBank 

Accession no. BAB65734). 

A comparison of PheH to previously characterised aromatic ring hydroxylases revealed that 

PheH shares 33% and 30% amino acid sequence identity, respectively, with the phenol 2

hydroxylase of Geobacillus thermoglucosidasius A 7 (encoded by pheA 1, GenBank Accession 
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no. AAF66546) (Duffner et al., 2000) and Geobacillus thermoleovorans A2 (encoded by 

pheA, GenBank Accession no. AAC38324) (Duffner and Milller, 1998). Furthermore, PheH 

displayed 30% amino acid sequence identity with the 4-hydroxyphenylacetate hydroxylases 

of Photorhabdus luminescens (encoded by hpaB, GenBank Accession no. AA0171 97) 

(Waterfield et al., 2001), E. coli W ATCC 11105 (encoded by hpa8, GenBank Accession no. 

CAA86048) (Prieto et al., 1996), Klebsiella pneumoniae (encoded by hpaA, GenBank 

Accession no. Q48440) (GibeUo et at., 1997) and 29% amino acid sequence identity with 

ORF4, which encodes the chlorophenol 4-monooxygenase of Streptomyces globisporus 

(GenBank Accession no. AAL06674) (Liu et al., 2002). Notably, all these enzymes, with the 

exception of PheA of G. thermoleovorans A2, are two-component aromatic hydroxylases 

requiring a smaller component for optimal hydroxylase activity. A dendogram resulting from 

multiple sequence alignment of the pheH deduced amino acid sequence with the above 

enzymes, is indicated in Fig. 5.3. 

As with the 4-HP A 3-hydroxylases of E. coli W and K. pneumoniae, and the phenol 

hydroxylases of G. thermoglucosidasius A 7 and G. thermoleovorans A2, the FAD and NAD 

binding signature sequences, GXGXXG (Wierenga et al., 1986) and 

[TM]XXXX[N AL] [YWF] [N AL][N A]GD (Egg ink et al., 1990), respectively, were not 

detected in the PheH sequence of Geobacillus sp. PA-9. However, the activity of the 4-HPA 

hydroxylases from K. pneumoniae (Martin et al., 1991) and E. coli (Prieto and Garcia, 1994) 

has been reported to be stimulated by FAD and consequently, the possibility that the above 

enzymes may contain atypical FAD and NAD binding sites cannot be excluded. 

BLAST -P homology searches revealed that the deduced amino acid sequence ofpheH2 does 

not show similarity to characterised proteins. However, pairwise alignments between the 

small proteins (HpaC) of the 4-HP A 3-hydroxylases from E. coli (GenBank Accession no. 

Z29081 ), K. pneumoniae (GenBank Accession no. Q48411) and P. luminescens (GenBank 

Accession no. AAO 17198) demonstrated homology (10-11 % amino acid sequence identity) 

with the gene product of pheH2 from Geobacillus sp. PA-9. In addition, the gene product 

from pheA2 of G. thermoglucosidasius A7 (GenBank Accession no. AAF66547) shared 15% 

amino acid sequence identity with the pheH2 gene product of Geobacillus sp. PA-9. These 

low levels of homology between the different proteins may not be surprising, as they appear 

to be diverse and show little sequence conservedness between them (Duffner et al., 2000). 
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Deino coccus radiodurans Q9RYT5 

0cean0IxriJus iheym.9s BACl48Z8 

BaciOus haJodurans Q9K693 

hotorhabdus luminescens 068231 

Escherichia coli Q57160 

Yersinia pestis AAM86095 

Geobacillus thermoleovorans 068312 

Str eptomyces globisporus AAL06674 

olobus solfataricus Q97WR4 

-

GeobacilIus PA-9 (PheH) 

-

S ulfi 

Sulfolobus tokodaii Q974C6 

Fig.5.3 	 Dendogram resulting from the multiple amino acid sequence alignment of different 4

hydroxyphenylacetic acid 3-hydroxylases (4-HPA 3-hydroxylases) and phenol hydroxylases 

with PheH from Geobacillus PA-9. Q9RYT5, 4-HPA 3-hydroxylase of Deinococcus 

radiodurans; BAC14828, 4-HPA 3-hydroxylase of Oceanobacillus iheyensis; Q9K693, 4

lIP A 3-hydroxylase of Bacillus halodurans; 068231, 4-HPA 3-hydroxylase of 

Photorhabdus luminescens; Q57160, 4-HPA 3-hydroxylase of E. coli; AAM86095 , putative 

4-HPA 3-hydroxlase of Yersinia pestis KIM; 068312, phenol hydroxylase of Geobacillus 

thermoleovorans; AAL06674, chlorophenol 4-monooxygenase of Streptomyces globisporus; 

Q97WR4, 4-HPA 3-hydroxylase of Sulfolobus solfataricus; and Q974C6, putative phenol 

hydroxylase of Sulfolobus tokodaii. The GenBank Accession numbers for these enzymes 

are supplied in the text. The scale bar represents 0.05% of the estimated substitutions per 

amino acid position. 

assays were perfonned on freshly prepared crude cytoplasmic enzyme extracts. 

5.3.4.2. Effect of temperature and pH on enzyme activity 

The effect of pH and temperature on the 4-HPA hydroxylase from Geobacillus sp. PA-9 was 

detennined using a crude cytoplasmic enzyme extract and 4-HP A as substrate. The rate of 

liberation of 3,4-dihdroxyphenylacetic acid was determined spetrophotometrically at 510 nm, 

and one unit of activity was defmed as the amount of enzyme that liberates one nanomole of 

product under the assay conditions. The activity of the 4-HP A 3-hydroxylase from 
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5.3.4. Biochemical features of the 4-HPA hydroxylase from Geobacillus strain PA-9 

5.3.4.1. Cellular location 

In order to study the cellular location of the 4-HPA hydroxylase, recombinant E. coli/pSVBI

RI 13 was used. Consequently, the cell-free culture medium, cellular (cytoplasmic) extract 

and cell debris of the recombinant culture were assayed for 4-hydroxyphenlyacetic acid 3

hydroxylase activity in SO mM Tris-HCl buffer (PH 9) at SO°C. The highest activity was 

observed in the cytoplasmic fraction. No activity was detectable in the culture medium and 

low activity was recovered in the cell debris. By contrast, a control non-recombinant E. coli 

DHSa culture did not show hydroxylase activity in identically prepared fractions (results not 

shown). These results were in agreement with those obtained by in silico analysis of the 

respective proteins (Section S.3.2), and thus strongly suggested that the 4-HPA 3-hydroxylase 

was probably intracellular showing some kind of association with the cytoplasmic membrane. 

Therefore, the cytoplasmic fraction of recombinant E. coli/pSVBI-Rl I3 was selected for 

further enzyme characterisation and for enzyme purification. However, the enzyme lost 

activity when stored in solution at 4 or -21°C overnight. Due to these observations, all of the 

assays were performed on freshly prepared crude cytoplasmic enzyme extracts. 

5.3.4.2. Effect of temperature and pH on enzyme activity 

The effect of pH and temperature on the 4-HPA hydroxylase from Geobacillus sp. PA-9 was 

determined using a crude cytoplasmic enzyme extract and 4-HP A as substrate. The rate of 

liberation of 3,4-dihdroxyphenylacetic acid was determined spetrophotometrically at 51 0 nrn, 

and one unit of activity was defined as the amount of enzyme that liberates one nanomole of 

product under the assay conditions. The activity of the 4-HPA 3-hydroxylase from 

Geobacillus strain PA-9 was measured following adjustment of the reaction pHs from 4 to 12 

with various buffers (Fig. 5.4a). The enzyme showed maximal activity at pH 9. However, 

the enzyme exhibited 69% of the maximal activity at pH 8 and 47% at pH 10. The enzyme 

did not display appreciable activity at pH 4 and 12 (lower than 25% of the maximal activity). 

The optimum temperature of the enzyme was determined by varying the reaction temperature 

at pH 9 (Fig. 5.5b). The enzyme had an optimum temperature of 50°C. The enzyme, 

however, remained active over a range of temperatures varying from 45 to 65°C, with 

approximately 63% and 57% relative activity at 45 and 65°C, respectively. From 70°C 

onwards, the activity decreased sharply (26% residual activity), suggesting that the enzyme 

was not very thermostable. 
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5.3.4.3. Purification and SDS-PAGE analysis of tbe purified enzyme 

SDS-PAGE analysis of the crude cell extracts from E. colilpSVBI-R I 13 showed the presence 

of an additional band to those detected in control extracts from E. coli DH5a (Fig. 5.5, lanes 

1 and 2, respectively). The enzyme was subsequently purified by affinity chromatography on 

a 4-HPA-coupled amino-agarose column. SDS-PAGE analysis of the purified enzyme (Fig. 

5.5 , lane 3) indicated that the enzyme was almost purified to homogeneity, and the molecular 

mass was estimated to be 56 kDa. This value is in agreement with the calculated molecular 

mass (56.269 kDa) of PheH. No protein corresponding in size to PheH2 could be detected in 

the stained gel. The purified protein, by contrast to the crude cytoplasmic enzyme extracts 

(Section 5.3.3.1), did not display activity toward the 4-HPA substrate under optimal assay 

conditions. This result suggests that for optimal activity of 4-HP A 3-hydroxylase from 

Geobacillus isolate PA-9, both PheH and PheH2 are needed and that the Geobacillus P A-9 

enzyme is most probably a two-protein component system similar to the cognate enzymes 

from E. coli (Prieto and Garcia, 1994), K. pneumoniae (Gibello et al., 1997), G. 

thermoglucosidasius A 7 (Duffner et al., 2000) and P. luminescens (Waterfield et al., 2001). 

In summary, the molecular and biochemical characterisation of the 4-HPA 3-hydroxylase 

from Geobacillus sp. PA-9 revealed that the enzyme belongs to a family of aromatic 

hydroxylases that require two protein components to catalyse the hydroxylation of its 

substrate. Only a few hydroxylases of this type have been characterised so far. In 

Geobacillus sp. PA-9, the proteins are encoded by different genes, pheH and pheH2, which 

may be translated from a single transcription unit. Although the molecular mass of the PheH 

component (56 kDa) is in agreement with that of the cognate subunit of the 4-HPA 3

hydroxylases from other bacteria, the deduced molecular mass ofpheH2 (8 kDa) is different, 

being lower. The corresponding small proteins of the 4-HPA 3-hydroxylasaes from E. coli 

(Prieto and Garcia, 1994), K. pneumoniae (Gibello et al., 1997), G. thermoglucosidasius A7 

(Duffner et al., 2000) and P. luminescens (Waterfield et al., 2001) display only 10-15% 

amino acid sequence identity to PheH2. This is in agreement with the low amino acid 

sequence identity observed between the large components of these enzymes (30%). From 

these results it is clear that the 4-HPA 3-hydroxylase from Geobacillus sp. PA-9 is novel, and 

significantly different from currently known 4-HPA 3-hydroxylases. 
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Fig. 5.4 	 Influence of pH (a) and temperature (b) on the specific activity of the 4

hydroxyphenylacetic acid 3-hydroxylase (4-HPA 3-hydroxylase) from Geohacillus isolate 

PA-9, For the pH profile, activity was measured at 50°C in buffers of different pH values. 

For the temperature profile, activity was measured in 50 mM Tris-HCl buffer (pH 9) at 

different temperatures. Values are the means of results of three separate experiments. 
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Fig.5.5 	 SOS-PAGE analys is of the expression and purification of the 4-hydroxyphenylacetic acid 3

hydroxylase (4-HPA 3-hydroxyJase) from Geobacillus isolate PA-9. Lane I, cell extract 

sample from non-recombinant E. coli OH5a; lane 2, cell extract sample from E. co/i/pSVBI

R113; lane 3, sample of the affinity chromatography-purified PheH protein. The sizes of the 

molecular mass markers (in kOa) are shown to the left of the figure. 
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Interestingly, the PheH protein from Geobacillus sp. PA-9 displayed homology (30-33% 

amino acid sequence identity) to the phenol 2-hydroxylases encoded by pheA of Geobacillus 

thermoieovorans A2 (Duffner and Muller, 1998) and pheA 1 of G. thermogiucosidasius A 7 

(Duffner et ai., 2000). Furthermore, the brown pigment production observed for E. 

colilpSVBI-R113 cells indicated that a component in LB medium, in the absence of 4-HPA, 

acts as a substrate for the 4-HP A 3-hydroxylase of Geobacillus sp. PA-9. This suggests that 

the 4-HP A 3-hydroxylase of Geobacillus sp. PA-9 might recognize other substrates distinct 

from 4-HPA and could thus have a broad substrate range for activity, similar to what has 

been reported for the 4-HPA 3-hydroxylases of E. coli (Prieto et ai., 1993) and K. 

pneumoniae (Gibello et ai., 1997). 

The precise role of the smaller coupling protein still remains unclear, but it has been proposed 

to have a flavin reductase function (Galan et ai., 2000) and to prevent the wasteful oxidation 

ofNADH in the absence of a substrate to be hydroxylated (Arunachal an et ai., 1992). Other 

relaxed substrate specificity hydroxylases have developed similar mechanisms of control, e.g. 

the methane monooxygenase, which is composed of three proteins: a reductase, a 

hydroxylase and a "regulatory" protein that is required for the coupling between NADH 

oxidation and substrate hydroxylation (Rosenzweig et ai., 1993). The 4-HPA 3-hydroxylases 

from E. coli (Prieto and Garcia, 1994), K. pneumoniae (Gibrello et ai., 1997) and 

Pseudomonas putida (Arunachal an et ai., 1992) are all FAD-dependent enzymes and the 

absence of the smaller subunit results in either a loss or drastically reduced activity of the 4

HPA 3-hydroxylases (Arunachalan et ai., 1992; Takizawa et ai., 1995; Gibello et ai., 1997; 

Duffner et ai., 2000). In addition, the two protein components of 4-HPA 3-hydroxylases are 

not very stable complexes, since they can be easily separated by ammonium sulfate 

fractionation (Arunachal an et ai., 1992) or during purification of the protein complex (Prieto 

et ai., 1993 ; Prieto and Garcia, 1994). Whether the lack of activity displayed by the purified 

PheH component of the 4-HPA 3-hydroxylase of Geobacillus sp. PA-9, observed in this 

study, is a consequence of the absence of the smaller protein has to be confirmed by future 

biochemical analysis. However, taking into account the brown phenotype shown by the E. 

colilpSVBI-R113 cells and the hydroxylating activity of their cytoplasmic extracts, it is 

tempting to speculate that pheH encodes the hydroxylase and pheH2 codes for the coupling 

protein, which serves as an effector protein of the hydroxylase reaction. Similar to the above 

4-HPA 3-hydroxylases, the enzyme from Geobacillus sp. PA-9 also lacked the conserved 
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F AD and NADH signature sequences and might thus contain uncommon FAD and NADH 

binding sites, which need to be further characterized. 

It has been recognised that enzymes derived from thermophiles tend to be resistant to 

chemical denaturation, suggesting that pathways exist whereby thermophilic 

biotransformation of xenobiotics in the environment can occur at concentrations that may be 

toxic to mesophiles (Gurujeyalakshmi and Oriel, 1989). Consequently, a number of possible 

applications of aromatic-degrading organisms and their enzymes have been sought. The 

degradation of 4-hydroxyphenylacetic acid (4-HPA) is environmentally important, because it 

is a product of aromatic amino acid catabolism (Spamins et aI. , 1979) and lignin 

decomposition (Crawford et aI., 1982), and is found as an industrial pollutant in waste water 

from olive oil production (Balice and Cera, 1984). The 4-HPA 3-hydroxylase of Geobacillus 

sp. PA-9 has optimum activity at 50°C and pH 9, making it an attractive enzyme to engineer 

for future biotechnological application in degrading 4-HPA. 
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Two protease-producing bacterial isolates, P A-5 and P A-9, from Buranga hot springs in 

western Uganda were characterised morphologically, physiologically and their phylogenetic 

position established by 16S rRNA sequencing analyses (Chapter 3). The two isolates could be 

grouped into the newly described genus Geobacillus. Isolate PA-5 was related to Geobacillus 

thermoleovorans B23 and DSM5366 (formerly known as Bacillus thermoleovorans B23 and 

DSM5366, respectively), while isolate PA-9 was more closely related to Geobacillus 

uzenensis strain X and Geobacillus kaustophilus NCIM8547 (formerly known as Bacillus 

kaustophilus). Between themselves, the two isolates are phylogenetic ally related to a low 

degree (96%). A more definitive classification in future, however, should include DNA-DNA 

hybridisation analysis in order to delineate the species of the isolates. Furthermore, it can be 

suggested that Buranga Hot Springs constitute a habitat for a diverse array of microorganisms 

whose diversity is unknown. Bio-prospecting of microorganisms in this region for production 

of novel products that may be of industrial use is recommended. 

Like many members of Bacillus and related genera, including, among others, Geobacillus, 

isolates PA-5 and PA-9 were found to produce extracellular proteases. Preliminary 

zymogram analysis had indicated that isolate PA-5 produced at least two proteases, and PA-9 

produced and least eight proteases (Chapter 3). Isolate PA-9 was further studied for its 

proteases (Chapter 4) . Though purification of the proteases to homogeneity could not be 

achieved by gel-filtration and ion-exchange chromatography methods, partial purification 

from negative-stained SDS-PAGE gels suggested the existence of a multimeric protein whose 

monomers could possibly associate in more than one caseinolytic-active combination. 

However, whether the oberved active small molecular weight proteins with proteolytic 

activity were truncated forms of a large protease, could not be ruled out. Furthermore, the 

presence of contaminants in the eluted proteins suggested the existence of strong protein

protein interaction that could not be overcome by varying pH or by using different column 

matrices. It is recommended that the use of detergents, such as Triton-Xl 00, and denaturing 

agents, such as urea and ,B-mercaptoethanol, be included in future purification strategies. 

Failure to purify to homogeneity any proteases led to a switch from the strategy of 

identification of the gene through its N-terminal amino acid sequence, to a strategy whereby a 

genomic DNA library could be screened at a gene-level. This approach did not lead to the 

identification of protease-active recombinant clones, but brown pigment-producing 

recombinants were identified. Furthermore, direct amplification of the alkaline protease 
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gene(s) using primers, which had been designed based on the sequences of known proteases, 

followed by sequencing, did not yield amplicons resembling protease-encoding genes. This 

led to the following conclusions: that the protease(s) from PA-9 is unique and shared no or 

very low levels of homology to proteases identified thus far or that the regions from which 

the primers were designed are conserved in a number of non-protease genes. It had been 

thought that the shotgun approach failed, because the restriction fragments might have lacked 

the necessary control elements to allow for their expression in Escherichia coli. To isolate 

protease-encoding genes, other approaches can be investigated, especially the use of an 

expression-cloning system harbouring the appropriate control elements such as a functional 

promoter, pre-pro sequence, prosequence and signal sequence. The nature of the protease( s) of 

PA-9 remains umesolved. It is highly recommended that efforts be directed at purifying the 

enzyme or individual monomers and to fully characterise the enzyme. 

Analysis of a clone obtained from the genomic DNA library of Geobacillus isolate PA-9 that 

was capable of producing a brown pigment led to the discovery of a novel gene belonging to 

the tyrosine/phenylalanine catabolic pathway, i.e. 4-hydroxyphenylacetic acid 3-hyrdoxylase 

(PheH) (Chapter 5). This enzyme may be potentially useful in the environmental degradation 

of aromatic compounds and xenobiotics. However, for meaningful management of 

environmental wastes, it is desirable that other enzymes in the pathway be characterised. 

Since the 2.7-kb fragment revealed the existence of three open reading frames, pheH, pheH2 

and pheC, of which pheC displayed high homology with 3,4-dihydroxyphenylacetic acid 2,3

dioxygenases, it is recommended that the 2.7-kb fragment be labeled and used as a probe to 

screen the genomic library in order to identify other genes forming part of this pathway. 
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