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metabolism (Waldenstrom, 1937) rather than the previously used "hematoporphyria" 

originally introduced by Gunther, (1911). 

Elucidation of the haem biosynthetic pathway 

Isolation of crystalline porphobilinogen from the urine of acute intermittent porphyria (AlP) 

patients was an important milestone towards the understanding of the haem pathway 

(Westall, 1952). The elucidation of the monopyrrole structure of PBG followed (Cookson 

and Rimington, 1954). PBG was demonstrated to be enzymatically converted into 

uroporphyrinogen when the enzyme was incubated with c~licken red cell haemolysate 

(Falk et aI., 1953). 

The study of the haem biosynthetic pathway (Figure 1.2) was carried out on suitable 

animal models and based on the incorporation of radiolabelled precursors (such as 

[15N]glycine and [14C]succinate) at different steps of the pathway, during the formation of 

haem (Shemin and Rittenberg, 1946; Grinstein et aI., 1949; Muir and f\Jeuberger, 1950; 

Shemin and Wittenberg, 1951; Gray, 1952; Shemin et aI., 1955). Radiolabelled 

[14C]acetate (Shemin and Wittenberg, 1951) and in vitro experiments in avian erythrocytes 

established that the 4-carbon starting compound was succinyl CoA from the tricarboxylic 

acid cycle, and that this compound provided some of the carbon atoms in the haem 

macrocycle (Gibson et aI., 1958). Shemin and Russell, (1953), and Neuberger and Scott, 

(1953) showed that ALA formation leads to the synthesis of all porphyrin intermediates. 

Falk et al. (1953) also showed that PBG is the monopyrrole precursor for all the 

tetrapyrrole synthesis in this pathway. Subsequently, Granick (1958, 1966), Gibson et al. 

(1958), Kikuchi et al. (1958a,b), and Granick and Sassa, (1971) showed that ALA was 

formed by the action of ALAS, and was therefore important as a potential controlling point 

of the biosynthetic pathway. Thus, the porphyrin biosynthetic pathway was established by 

the mid 50's and was shown to be virtually the same as that proposed earlier by Lemberg 

and Legge (1949). Eventually all eight enzymes of the biosynthetic pathway were 

described. PPOX was the last enzyme of the sequence to be described (Jackson et aI., 

1974; Poulson and Polglase, 1975). 
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located sequentially in the mitochondria, cytosol and finally mitochondria. M = methyl (-CH3), 

V = vinyl (-CH=CH2), P = propionate (-CH 2CH 2COOH), A = acetate (-OCH3). 



Univ
ers

ity
 of

 C
ap

e T
ow

n

The Haem Biosynthetic Pathway and the Porphyrias Literature Review 1 7 

Detailed Description of the Haem Biosynthetic Pathway 

Formation of the pyrrole 

Biosynthesis of 5-Aminolevulinic Acid by ALAS (Ee 2.3.1.37) 

Reaction and Mechanism.' ALAS catalyses the first committed step of the haem 

biosynthetic pathway. In non-plant eukaryotes, and the alpha subdivision of purple 

bacteria, catalysis involves the condensation of glycine and succinyl CoA (derived from 

the tricarboxylic acid cycle) to yield ALA, CoA and carbon dioxide (Figure 1.3) (Jordan 

1991; May et al 1995; Ferreira and Gong, 1995). Glycine is bound through an essential 

pyridoxal cofactor as a stable Schiff-base carbanion on the enzyme surface, which can 

react with the electrophllic carbonyl group of succinyl CoA to produce an a-amino-i3-

ketoadipic acid with the release of CoA. The carboxyl carbon of glycine is then 

decarboxylated enzymatically to yield ALA. 

COOH COOH 
COOH 

O~ 
( o~ + NH, ALAS 

)~ 
• Glycine 

SCoA 
H;N 

Succinyl CoA CoASH CO, 
5-ALA 

I 
1 L 

Figure 1.3: Biosynthesis of ALA from glycine and succinyl CoA by ALAS. 

Enzyme assay ALAS activity is determined by quantifying the conversion of glycine 

and succinyl CoA to ALA. The ALA concentration is measured colourimetrically by 

Ehrlich's reagent (paradimethylaminobenzaldehyde in acid) after condensation to a 

pyrrole. Alternatively ALA is measured fluorimetrically after enzymatic conversion of the 

product to uroporphyrin (Li-Fen and Beattie, 1982; Bishop et aI., 1982). A radiochemical 

method that is reportedly more sensitive and specific has been described (Brooker et aI., 

1982) 

Enzyme structure: Cloning, expression and detailed characterisation of mouse ALAS 

have demonstrated a conserved active site E-amino group of a lysine residue (murine 

ALAS Lys 313) attached to the pyridoxal 5'-phosphate (PFP) cofactor in the active site 

(Yoshimura et ai, 1992; Lu et ai, 1993; Rege et aI., 1996) in the absence of the 

substrate. This lysine residue was identified by Ferreira et aI., (1993) as a Schiff base 
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linkage. The Lys-313 is essential for catalysis but not for binding cofactor per se (Ferreira 

et aI., 1995). A conserved tyrosine residue (murine Tyr-121) is now thought to play that 

role (Tan et aI., 1998). The electron sink function of the PFP cofactor may be enhanced by 

the presence of an aspartate residue (murine ALAS Asp-279), and Arg-439 in the mouse 

is suggested as playing an essential role in substrate binding (Tan et aI., 1998; Gong et 

al.,1998). 

A conserved glycine-rich sequence (GAGAGG) has been identified in the sequence 

alignment of all known ALAS sequences. There is a similar sequence motif (GXGXXG) for 

some PFP dependent enzymes (Marceau et aI., 1988; Hyde et aI., 1988). This motif has 

also been identified in many nucleotide-binding proteins (Saraste et aI., 1990; Pai et aI., 

1990; Branden and Tooze, 1991; Swindells, 1993). 

Subcellular location and translocation: Studies on the subcellular location of the 

mitochondrial enzyme showed that ALAS is loosely bound to the inner mitochondrial 

membrane but generally available within the mitochondrial matrix (McKay et aI., 1969; 

Scott et aI., 1983). The presence of ALAS in the mitochondrial matrix was demonstrated 

on rat enzyme using specific enzyme markers (Scott et aI., 1983). Initially, stUdies 

demonstrated that small amounts of newly synthesised enzyme are found in the cytosol 

and are then imported into mitochondria (Hayashi et aI., 1969; Patton and Beattie, 1973). 

ALAS protein is encoded by nuclear DNA and synthesised in the cytoplasmic ribosomes 

as a larger precursor protein prior to insertion into the mitochondrial membrane where it 

functions as a smaller mature protein. (Hayashi et aI., 1970, 1976, 1983; Whiting and 

Elliot, 1972; Yamauchi et aI., 1980; Borthwick et aI., 1985; Urban-Grimal et aI., 1986). 

Purification and molecular sizes: Purification of ALAS has been described In 

Rhodobacter sphaeroides (R. sphaeroides) (Warnick and Burnham, 1971), rat liver 

(Ohashi and Kikuchi, 1978), Euglena gracilis (E. gracilis) (Dzelzkalns et aI., 1982), chicken 

liver (Borthwick et aI., 1983), yeast (Volland and Felix, 1984) and Escherichia coli (E. coli) 

(Ferreira and Dailey, 1993). Two isoforms of the enzyme are known to exist and share a 

50% amino acid identity (ALA-S1 and ALA-S2). ALA-S1 is a "house keeping" gene and is 

expressed in all tissues (Riddle et aI., 1989; Bishop et aI., 1990; May et al., 1995). ALA-S2 

is predominantly expressed in primitive erythroid cells (Riddle et aI., 1989; Bishop et aI., 

1990). ALA-S1 and ALA-S2 appear to be regulated by different mechanisms in which 

haem is involved, to different degrees. 

The human ALAS gene encodes a 640 amino acid protein with molecular weight of 

approximately 70000 Da. The N-terminal is 56 amino acids long, and constitutes the 

"presequence", which is cleaved on translocation of protein into mitochondria. The mature 
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mitochondrial enzyme isoforms of human ALA-S1 and ALA-S2 have molecular weights of 

64 600 and 59 500 Da, respectively (Bishop, 1990; Cox et aI., 1991). 

Gene sequence: The gene for ALA-S2 has been cloned and mapped to the X­

chromosome (Xp11.21) (Cox et aI., 1990; Bishop et aI., 1990; Cox et aI., 1991), and the 

distinct house keeping isoform ALA-S1 encoded by separate gene on chromosome 3 

(3p21) (Sutherland et aI., 1988; Bishop et aI., 1990). ALA-S1 is the only ALAS gene 

expressed in liver and other non-erythroid tissue. Its activity is decreased during 

differentiation of erythroid cells. The gene for ALA-S2 is induced during erythropoiesis and 

its product becomes the dominant form of ALAS (Riddle et aI., 1989; Fujita et aI., 1991). 

The human ALA-S2 gene spans approximately 22kb and contains 11 exons. The C­

terminal portion (comprising exons 5 - 11) has 73% sequence identity with ALA-S1 and 

contains a catalytic domain. Exons 2 - 4 of the ALA-S2 gene encode the N-terminal signal 

sequence for mitochondrial import (Conboy et aI., 1992). The 5'-flanking region of the 

gene spans an erythroid-specific promoter element including a GATA-1 binding site (Cox 

et aI., 1991). This site interacts with GATA-1 transcription factor (Tsai et aI., 1989) to 

restrict expression in erythroid cells. 

Biosynthesis of Porphobilinogen by ALA Dehydratase (EC4.2.1.24) 

Reaction and Mechanism: In the second step of the haem biosynthetic pathway a 

multisubunit cytosolic enzyme ALAD catalyses the condensation of two molecules of ALA 

to form a monopyrrole, PBG (Figure 1.4) (Shemin, 1976; Tsukamoto et aI., 1979; Neier, 

1996). ALAD requires an intact sulfhydryl group and a zinc atom per subunit for its full 

activity (Abdulla and Haeger-Aronsen, 1971; Meredith and Moore, 1978; Sassa, 1982). 

The reaction involves a series of intermediate stages with an aldol condensation and 

formation of Schiff base and is accompanied by the elimination of two water molecules. 

ALAD has two different active sites, the P- and the A-site (Shoolingin-Jordan et aI., 1996; 

1997; 1998). The P-site contributes the propionate side chain and pyrrolic nitrogen. The 

A-site forms the acetic acid and amino-methyl side chain of PBG (Neier, 1996). 

The formation of the Schiff base between enzyme and substrate at the P-site has been 

investigated (Jordan and Seehra, 1980; Gibbs and Jordan, 1986; Spencer and Jordan, 

1995; Erskine et aI., 1997a). There is an ordered binding in which the keto group of the 

ALA contributing the propionate side chain forms a transient covalent bond with a 

conserved lysine (human Lys-252) in the P-site first. Once it is bound to substrate at the 

P-site with an available 5-amino group, a second ALA molecule binds at the A-site. The 

amino-nitrogen is then incorporated into the pyrrole ring of PBG. The presence of a 

divalent metal ion is essential for binding of the second substrate at the A-site (Shoolingin-
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. Z 2· M" Th ALAD ct Jordan, 1998). Typically, the required metals are n or g. us an 0 amer 

can bind up to a maximum of 8 Zn" ions, 4 being required for catalysis at the A-site. 

Enzyme assay. ALAD activity is monitored by quantifying PBG production using 

Ehrlich's reagent (Sassa, 1982). The enzyme is relatively unstable at room temperature 

but can maintain its activity for approximately 24 hours. At 4°C and at -20°C it is degraded 

much more slowly. 

Figure 1.4: 

COOH 

000< o~ 
o ~ + H,N 

=) ALA 

H,N 

ALA 

AlAD ;700H
/ COOH 

-~-.o::-----. Y II 
2 H,o N 

NH, ~ 
PSG 

Biosynthesis of PBG from ALA by ALAD. 

Enzyme structure: Cloning of ALAD has allowed the development of expression 

systems for various forms. Ultra-pure preparations of recombinant enzyme have yielded a 

crystal structure suitable for x-ray characterisation (Senior et aI., 1996, 1997). The 

crystallisation and initial x-ray characterisation of the ALAD from E. coli and 

Saccharomyces cerevisiae (S. cerevisiae) of around 2 A have been reported (Erskine et 

aI., 1997a,b) with more detailed structure for Pseudomonas aeruginosa (P. aeruginosa) 

ALAD (1.67 A) (Frankenberg et aI., 1999). In all cases the best crystals were obtained 

when these proteins were covalently bound to ALA. The x-ray structures confirmed the 

structure of ALAD as a homo-octomer. Each of the subunits was adopting a "TIM" 

(triosephosphate isomerase) barrel fold with an N-terminal arm of 30 amino acid residues 

(Jordan and Warren, 1987). The monomers formed asymmetric dimers with their "arms" 

wrapped around each other. Four of these dimers interact to form octomers with their 

active sites located on the surface. 

In E. coli ALAD, Lys-247 (equivalent to the essential Lys-252 at the P-site in human 

ALAD) forms a Schiff-base link with the bound levulinic acid at the active site. In yeast 

ALAD x-ray analysis shows the formation of a Schiff base with Lys-263 that is also 

equivalent to human Lys-252 (Jordan and Warren, 1987). Structural analysis of P. 
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Enzyme assay: PBG deaminase activity is measured (typically in erythrocytes) by 

spectrophotometry or fluorimetry to detect the production of uroporphyrin by enzyme using 

PBG as substrate (Ford et ai, 1980; Anderson and Desnick, 1982). 

Enzyme structure: x-ray crystallographic studies at 1.76 A resolution (Jordan et ai, 

1992) was performed on the cloned and expressed PBGD from E. coli (Grandchamp et 

ai, 1987). The resolution revealed protein folded into three 0/13 domains of approximately 

100 amino acids each, linked to one another by flexible strands (Shoolingin-Jordan 1998; 

Louie et ai, 1996). Domains 1 and 2, which have similar overall topology, form a cleft at 

their interface. The dipyrromethane cofactor is bound by extensive contacts, including salt 

bridges and hydrogen bonds between these two domains in this cleft. Several of these 

salt bridges between arginine, pyrrole acetates and propionates were demonstrated by 

site-directed mutagenesis, as important for enzymatic activity (Jordan and Woodcock, 

1991; Lander et ai, 1991). Domain 3 is an open-faced antiparallel sheet of three strands 

containing cysteine. The cofactor is covalently bound to it and is situated deep within the 

cleft between domains 1 and 2. This is the point where deamination of PBG and formation 

of the methene bridges takes place. Consequently, domain 3 is considered as containing 

the single catalytic site. The crystal structure shows flexible boundaries between the three 

domains, which are important in allowing conformational changes that accommodate each 

added PBG pyrrole during synthesis of the tetrapyrrole. 

Purification and molecular sizes: PBG deaminase has been purified from various 

sources and is frequently complexed to the next enzyme in the pathway UROSIII 

(Sancovich et ai, 1969; Llambias and Batlle, 1970; Frydman and Fenstein, 1974). The 

enzyme has been purified in both eukaryotes and prokaryotes including spinach (Higuchi 

and Bogorad, 1975), R. spheroides (Jordan and Shemin, 1973; Davies and Neuberger, 

1973), E. coli and E. gracilis (Hart and Battersby, 1985), and human erythrocytes 

(Anderson and Desnick, 1980; Corrigall et aI., 1991). It appears to exist as a monomer 

with molecular weight of 35000 - 44000 dalton (Jordan, 1990). 

Gene sequence and its product: Genes for various PBG deaminases including plant, 

animals and bacterial enzymes have been cloned, and overexpressed from recombinant 

bacterial strains (Shoolingin-Jordan, 1995). In humans there are two forms of PBG 

deaminase that are encoded by a single gene transcribed from separate erythroid-specific 

and housekeeping promoters (Grandchamp et ai, 1987; Chretien et ai, 1988). The two 

enzyme isoforms are encoded by a 10kb long gene with 15 exons of two overlapping 

transcription units in chromosome 11q24.1-24.2 (Wang et aI., 1981; Raich et aI., 1986; 

Namba et aI., 1991). The erythroid promoter lies in intron 1 with initiation of transcription 

starting 5' to exon 2 and translation of mRNA starting at exon 3. The erythroid isoenzyme 
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is therefore encoded by sequences of the 3' section of exon 3 and exons 4 - 15. The 

housekeeping isoenzyme transcribed from the promoter 5' to exons 1 and 2, is then 

excluded by splicing. Translation of mRNA continues from the start of exon 1 resulting in 

the housekeeping isoenzyme 17 amino acids longer at the N-terminus than erythroid 

isoenzyme (Lannfelt et aI., 1989). 

Closure of the Tetrapyrrole Ring by Uroporphyrinogen 11/ Synthase (EC4.2.1. 75) 

Mechanism and reaction: UROSIII, also known as uroporphyrinogen III cosynthase or 

hydroxymethylbilane hydrolase, catalyses the conversion of hydroxymethylbilane to 

uroporphyrinogen III (Figure 1.6). It has been established experimentally that this catalysis 

involves intramolecular inversion of the terminal 0 ring of hydroxymethylbilane (Leeper, 

1994, Shoolingin-Jordan, 1995; Battersby and Leeper, 1998) with the key intermediate 

being a chiral spiro intermediate (Spivey et aI., 1996) giving rise to uroporphyrinogen III 

after cyclisation. 

P A 

A 

" 
P 

NH HN 

p A HN 
Non en atic A 

A p 

HO Uroporphyrinogen I 

UROSlfi p A 

Hydroxymethylbilane P 

A P 

UJoporphyrinogen III 

Figure 1.6: Closure of the tetrapyrrole ring by UROSIlI. A = acetate, P = propionate. 

Enzyme assay: Enzyme activity is assayed by measuring the formation of 

uroporphyrinogen III from PBG in the presence of excess PBG deaminase. Alternatively, 

activity can be measured using hydroxymethylbilane as a substrate (Jordan, 1982; Hart 

and Battersby, 1985). 
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Purification and molecular sizes: UROSIII has been cloned, expressed and purified 

from various sources (Higuchi and Bogorad, 1975; Kohashi et aI., 1984; Hart and 

Battersby, 1985; Smythe and Williams, 1988; Alwan and Jordan, 1988; Alwan et aI., 1989; 

Leeper, 1994, Shoolingin-Jordan, 1995; Battersby and Leeper, 1998) including human 

erythrocytes (Tsai et ai, 1987). 

Most forms of the protein exist as monomeric subunits of molecular weight approximately 

30000 Da (Jordan, 1990). The protein is thermolabile and is thus poorly characterised. 

There is no evidence for a cofactor. This enzyme is present in excess over PBG 

deaminase, favouring synthesis of uroporphyrinogen III over uroporphyrinogen I (Tsai et 

aL, 1987; Desnick et aJ., 1998). 

Gene sequence: The gene that encodes UROSIII has been isolated from various 

sources including animals and bacteria (Jordan et aJ., 1988; Tsai et aI., 1988; Stamford et 

aI., 1995; Amillet and Labbe-Bois, 1995; Xu et aJ., 1995). The full-length cDNA encoding 

human UROSIII has been isolated, sequenced, and expressed in E. coli (Tsai et aI., 

1988). A single UROSIII gene in humans has been mapped to chromosome region 

10q25.3-10q26.3 (Astrin et aI., 1991). Both human and mouse UROSIII have 5' and 3' 

untranslated region (UTR) and an open reading frame spanning 10 exons that encode 

265 amino acids. The human and mouse share 80% nucleotide gene sequence, and 78% 

amino acid identity (Xu et aI., 1995). 

Modification of the peripheral side chains of the tetrapyrrole 

Biosynthesis of Coproporphyrinogen 1/1 by Uroporphyrinogen Decarboxylase 

(EC4.1.1.37) 

Reaction and Mechanism: Uroporphyrinogen decarboxylase (UROD) catalyses the 

stepwise decarboxylation of four acetate side chains in the 8-carboxylic (COOH) 

uroporphyrinogen III molecule through formation of 7-, 6-, and 5-COOH intermediates 

resulting in the formation of the 4-COOH coproporphyrinogen III (Figure 1.7). This reaction 

takes place in the cytoplasm. The decarboxylation of these porphyrins starts on ring D and 

proceeds through rings A, B, and C before the final formation of coproporphyrinogen III 

(Jackson et aI., 1976). No cofactor is required. It has been postulated that this process 

could take place in 24 possible ways forming 14 possible isomeric intermediates 

(McDonagh and Bissel, 1998). The precise mechanism remains unclear. Each 

intermediate acts as a substrate for further decarboxylation until coproporphyrinogen III is 

formed. Both the series I and III isomers can act as substrates but the series III isomer is 

more rapidly decarboxylated (Smith and Francis, 1981). 
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A 

A 
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Uroporphyrinogen III 
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p 

p P 

7COOH Porphyrinogen III 

~C02 

Biosynthesis of coproporphyrinogen III from uroporphyrinogen III by UROD. 

A = acetate, P = propionate, M = methyl. 

Enzyme assay: UROD activity measurements are difficult to interpret because of 

the multiple substrates and products involved in the reaction. Activity can be monitored 

using uroporphyrinogen III as a substrate, and measuring product formed (hepta-, hexa-, 

pentacarboxyl porphyrin and coproporphyrinogen III) (Straka et aI., 1982) by fluorimetric 

HPLC (or TLC). Uroporphyrinogen I can be used as a substrate since it is easier to 

prepare than uroporphyrinogen III. It is however preferable to use the penultimate 

component in the catalytic chain, 5-carboxyl porphyrinogen as substrate and to measure 

its conversion to coproporphyrinogen III, after oxidation which can be quantified to 

coproporphyrin (Straka et aI., 1982; Elder and Wyvill, 1982; McManus et aI., 1988). 

Purification and molecular sizes: UROD has been purified from human erythrocytes 

(de Verneuil et aI., 1983; Elder et aI., 1983; Mukerji and Pimstone, 1992; Roberts and 

Elder, 1997), chicken erythrocytes (Kawanishi et aI., 1983; Seki et aI., 1986), bovine liver 

(Straka and Kushner, 1983), E. gracilis (Juknat et aI., 1989), S. cerevisiae (Felix and 

Brouillet, 1990), and R. sphaeroides (Jones and Jordan, 1993). Most of these proteins are 

monomeric with molecular weight varying from 40000 Da (Elder et aI., 1983) to 46000 Da 
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(de Verneuil et aL, 1983). Chicken enzyme has been reported to exist as a dimer with 

molecular weight of 40000 for each monomer (Kawanishi et aL, 1983). 

Gene sequence: The UROD gene has been cloned and analysed from a number of 

species. Human and rat cDNA sequences show a homology of 85% and protein identity of 

90% (Romeo et aL, 1986; Romana et aL, 1987a). Similarly UROD cDNA from mouse and 

human show a homology of 88% and 90% for protein identity (Wu et aL, 1996). The cDNA 

sequence analysis of UROD between S. cerevisiae (Garey et aL, 1992; Diflumeri et aL, 

1993), Synechoccus (Kiel et aL, 1992) and human, showed a 50% homology and 32% 

protein identity. In addition, full-length UROD cDNA from Nicotiana tabacum L. (plant 

tobacco) and a partial UROD cDNA from Hodeum vulgare L (barley) have been cloned 

and sequenced (Mock et aL, 1995). Their properties were similar to those of UROD 

obtained from other sources (mammals, plants, yeast and bacteria) (Elder and Roberts, 

1995). 

Human UROD (367 amino acid residues with molecular weight of (::::; 41000 dalton) is 

expressed by a single gene containing 10 exons within 3kb of DNA, which has been 

mapped to chromosome 1 p34 (de Verneuil et aL, 1984; Mclellan et aL, 1985; Dubart et aL, 

1986; Romeo et aL, 1986). Two transcriptional start sites separated by six nucleotides 

were identified by Romana et aL (1987b). 

X-ray crystallographic studies on human UROD expressed with a histidine tag in E. coli 

were performed at 3.0 A resolution (Phillips et aL, 1997; Laterriere et aL, 1997). 

Subsequently the UROD crystal structure has been determined at 1.6 A resolution 

(Whitby et aL, 1998). The structure showed a protein of 40 800 dalton composed of a 

single domain containing a (~/a) 8-barrel with a deep active site cleft formed by loops at 

the C-terminal ends of the barrel strands. 

Enzyme inhibition: Experimental studies showed that iron and chlorinated 

hydrocarbons decrease enzyme activity. This effect is greatly enhanced when both are 

involved (Constantin et aL, 1996). Inhibitor studies suggested that certain conserved 

histidines, Iysines, and arginines are important residues for enzyme activity (Whitby et aL, 

1998). However, site-directed mutagenesis experiments indicate that no single cysteine is 

absolutely critical for the integrity of the catalytic site but one histidine residue (human 

H339) has been identified as important in imparting isomer specificity (Wyckoff et aL, 

1996). 
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Biosynthesis of Protoporphyrinogen IX by Coproporphyrinogen Oxidase 

(EC1.3.3.3.) 

Reaction and Mechanism: CPOX is located within the mitochondrial intermembrane 

space (Sano and Granick, 1961; Batlle et aI., 1965; Poulson and Polglase, 1974; Elder 

and Evans, 1978a; Grandchamp et aI., 1978) and catalyses the decarboxylation and 

oxidation of the propionate side chains of the A and B pyrrole rings in coproporphyrinogen 

III to vinyl groups (Figure 1.8). The enzyme requires molecular oxygen for activity (Sano 

and Granick, 1961; Yoshinaga and Sano, 1980) and the end product of the reaction is 

protoporphyrinogen IX. 

The enzymatic conversion of two propionate side chains proceeds via an intermediate 

tripropionate monovinyl porphyrinogen, harderoporphyrinogen (2-vinyl, 4-propionate 

porphyrinogen) in a clockwise fashion. The propionate side chain in position 2 is the first 

to decarboxylate and the reaction proceeds at a faster rate than the subsequent 

decarboxylation at position 4. Since protein tyrosine residues may be involved in ~­

hydroxypropionate formation (Sano and Granick, 1961; Yoshinaga and Sano, 1980; 

Dailey, 1990), free harderoporphyrinogen is not released from the enzyme and the 

oxygen-dependent reaction probably involves hydroxypropionate intermediates prior to 

decarboxylation. An alternative scheme suggested that a hydroxylation reaction does not 

occur, but that the reaction proceeds via a hydride removal during the decarboxylation 

(Seehra et ai, 1982). It's possible that both schemes may occur in nature depending on 

the organism (Dailey, 1990). 

Figure 1.8: 

I 

I 
I 

p M 

p 

I p p l __ Coproporphyrinogen III 

v M 

CPOX 

Protoporphyrinogen IX 

Biosynthesis of protoporphyrinogen IX from coproporphyrinogen III by CPOX. 

P = propionate, M = methyl, V = vinyl. 

Enzyme assay: CPOX is assayed using either colourimetric or radiochemical 

methodology. The radiochemical method is more sensitive and measures the production 

of 14C02 from coproporphyrinogen III with 14C-labelled carboxyl carbons in the 2 and 4 

propionate groups (Elder and Evans, 1978b). An alternative method is to measure the 
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V M V M 

V 
Fe2+ 

V 

\ FC 

1 M M 
2H 

p p 

Protoporphyrin IX Haem 

Figure 1.9: Insertion of Iron into protoporphyrin IX molecule by Fe. p = propionate, M = methyl, 

V = vinyl. 

FC is thought to follow an ordered "bi-bi" reaction mechanism in which Fe2
+ binds the 

enzyme before porphyrin (Dailey and Fleming, 1983). Following metal binding to enzyme, 

the porphyrin undergoes distortion into a non-planar structure that facilitates porphyrin 

metal-chelation (Lavalle, 1988; Blackwood et aI., 1997). Raman resonance spectroscopy 

of yeast FC demonstrated simultaneous tilting, or doming, of all four pyrrole rings on 

porphyrin distortion (Blackwood et aI., 1997, 1998). Metal-chelation then occurs with the 

concomitant removal of the two pyrrolic protons. 

Enzyme assay: Determination of FC activity is conducted under minimal light since 

the substrate is light sensitive. 59Fe is used as a substrate, and radioactivity of the haem 

fraction after incubation with the enzyme is determined (Bloomer and Morton, 1982). An 

alternative method is to use meso porphyrin as a substrate and measure the resultant 

mesohaem spectrophotometrically (Porra, 1976a). 

Enzyme structure: l\.I1ature FC for both human and mouse have been cloned, 

expressed, purified and characterised by site-directed mutagenesis and spectroscopy 

(Dailey et aI., 1994a, 1994b; Sellers et aI., 1996; Brian et aI., 1996). Unlike yeast or 

prokaryotic FC, human and mouse FC display iron sulphur clusters ([2Fe-2S] clusters 

capable of cycling between the +2 and +1 core oxidation levels) at the carboxyl end of the 

purified FC. FC activity may be regulated by lability of this cluster (Sellers et aI., 1996). 

The cluster is destroyed by nitric oxide resulting in loss of activity (Burden et aI., 1999). 

Brian et al. (1996) investigated the amino acid residues in the mammalian (bovine, mouse 

and human) FC that are involved in ligation of [2Fe-2S] cluster. Mammalian FC had nine 

conserved cysteine residues that were not present in yeast and bacterial FC which do not 

contain [2Fe-2S] cluster. Furthermore, mammalian FC contains a 30-residue C-terminal 

extension that is not in yeast and bacterial FC (Dailey et aI., 1994b). Site-directed 
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mutagenesis and spectroscopic characterisation indicated that of nine conserved cysteine 

residues, those at positions 403, 406, and 411 serve as ligands for the [2Fe-2S] cluster 

(Crouse et aI., 1996) whereas those at positions 360 and 395 are not involved. The 

remaining conserved cysteines at positions 31, 196, 236, and 323 were identified as the 

fourth ligands of the [2Fe-2S] cluster of human FC (Sellers et aI., 1998). 

The crystal structure of Bacillus. subtilis (B. subtilis) FC, which lacks the [2Fe-2S] cluster, 

has been solved to 1.9 A resolution (AI-Karadaghi et aI., 1997). More recently, x-ray 

structure of recombinant human FC has also been solved at 2.0 A (Dailey et aI., 2000). 

The enzyme is an 86000 dalton homodimer containing one [2Fe-2S] cluster per subunit. 

Each monomer contains 48% a-helix and 14% f3-sheet structure and is folded into two 

similar domains. Two differences exist between the two domains: Firstly, an additional 50 

residues at the amino-terminal end that constitute a portion of the active site, and 

secondly, a 30-residue addition at the carboxyl-terminus that participate in ligation of the 

[2Fe-2S] cluster and dimer stabilisation. Each monomer contains an active site pocket 

with two hydrophobic lips at its entrance. In the homodimer, both active sites are at the 

same molecular face, and this is the largest hydrophobic region of the protein. This region 

has been proposed to serve as the site of membrane attachment. The result of such 

organisation is that both active sites are within the membrane proper and in position to 

accept the hydrophobic substrate protoporphyrin IX. The active site pocket contains highly 

conserved residues such as His 263, which has been proposed to be involved in Fe2
' 

donation (Kohno et aI., 1994), but most likely participates along with the highiy conserved 

group of carboxylates in proton abstraction and not in iron donation (Dailey et aI., 2000). 

Fe2
' is thought to be inserted from the opposite side of the pocket from His 263. Residues 

involved in porphyrin macrocycle distortion have not been identified. 

Subcellular location, translocation and molecular sizes: FC is a mitochondrial enzyme 

but is synthesised in the cytoplasm with molecular weight of approximately 47000 Da. It is 

translocated to the matrix side of the inner mitochondrial membrane and proteolyticaliy 

processed to the mature form with molecular weight of approximately 42000 Da (McKay et 

aI., 1969; Jones and Jones, 1969; Harbin and Dailey, 1985; Karr and Dailey, 1988; 

Camadro and Labbe, 1988). 

Purification: FC has been cloned, expressed, and purified from various sources 

including rat liver (Mailer et aI., 1980; Taketani and Tokunaga, 1981), R. sphaeroides 

(Dailey, 1982), yeast (Labbe-Bois, 1990), mouse (Taketani et aI., 1990; Brenner and 

Fraiser, 1991), human (Nakahigashi et aI., 1990), bovine liver mitochondria (Taketani and 

Tokunaga, 1982; Dailey and Fleming, 1983; Siepker et aI., 1987; Shibuya et aI., 1995); E. 

coli (Miyamoto et aI., 1991), B. japonicum (Frustaci and O'Brian, 1992), B. subtilis 
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location 

Acute nnTn""T ... 

Inheritance Chromosome 
location 

AA AR 

AA AD 11 

AA+ PS AD 2 

VP Prr.tl"lr",rr,h\lrin,,,>n •• n· oxidase AA+ PS AD 

B Non-acute .,_ •. ., .. ". 

Acute attack! Inheritance Chromosome 
location 

PS AR 

PS AD 

EPP F errochelatase PS AD .3 

Abbrevl ations: 

PBG == PBG ALA ::: Aminolaevulinic 

ALADP ==ALA AlP ::: Acute intermittent 

HCP == VP ::: 

AA == Acute attack PS ::: 

AD autosomal dominant AR ::: autosomal recessive 

CEP == 

PCT ::: cutanea tarda EPP ::: 
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CHAPTER 2 

PROTOPORPHYRINOGEN OXIDASE AND VARIEGATE 

PORPHYRIA 

LITERATURE REVIEW 2 

Protoporphyrinogen Oxidase 

35 

In the presence of oxygen and light, protoporphyrinogen IX undergoes auto-oxidation 

(in a non-enzymatic reaction) to protoporphyrin IX. Indeed, in vitro oxidation of 

protoporphyrinogen IX occurs very rapidly at neutral and acidic pH. However, in the 

reducing environment in the cell (where this reaction occurs) catalysis by the enzyme 

PPOX is required (porra and Falk, 1964; Poulson and Polglase 1975; Porra, 1976b; 

Dailey, 1990). Thus, PPOX catalyses the oxidation of protoporphyrinogen IX to the 

fully conjugated, planar molecule protoporphyrin IX in the penultimate step of haem 

biosynthesis (Figure 2.1). PPOX appears to be widely distributed among plants, 

animals and bacteria (Jacobs and Jacobs, 1981; Dailey and Dalley, 1996a,b; Camadro 

et al., 1999). 

Figure 2.1: 

PPOX -. • 
6 H 

Protoporphyrinogen IX 

V M 

p 

Protoporphyrin IX 

V 

M 

I 

----' 

Six electron oxidation of protoporphyrinogen IX to protoporphyrin IX by PPOX. 

M = methyl, P = propionate, V = vinyl. 

Enzymic oxidation of protoporphyrinogen IX to protoporphyrin IX 

The reaction involves the six-electron oxidation of the photodynamically inactive 

substrate, protoporphyrinogen IX, into the fluorescent product, protoporphyrin IX (Cox 

and Whitten, 1983; Girotti and Deziel, 1983) and includes the oxidation of the 

methylene bridges (-CHr) into methene bridges (-CH=) and two of the pyrrolic 

nitrogens. There is little direct evidence to suggest a catalytic mechanism for PPOX, 
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but it is possible that different mechanisms may exist, especially in prokaryotes that 

can exist in both aerobic and anaerobic conditions (Camadro and Labbe, 1996; Klemm 

and Barton, 1987; de Marco et al., 2000). Three molecules of molecular oxygen serve 

as the final electron acceptor in the reaction, and are reduced to three mqlecules of 

hydrogen peroxide, rather than water, in the aerobic reaction, in both eukaryotic and 

prokaryotic PPOXs (Deybach et aI., 1985; Dailey et al., 1994c; Hansson and 

Hederstedt, 1994; Dailey and Dailey, 1996a; Dailey and Dailey, 1996b). Alternative 

compounds such as fumarate, nitrate, NAD+, NADP+, nitrite and others are utilised 

during anaerobic oxidation (Jacobs and Jacobs, 1976; Klemm and Barton, 1985). 

Dailey and Dailey (1997a) suggested two possible reaction mechanisms for PPOX. In 

the first, PPOX binds the protoporphyrinogen IX substrate and carries out the 

complete reaction without releasing the macrocycle, and in the second, PPOX 

catalyses three independent oxidation reactions with the release of tetrahydro and 

dihydro- intermediates. The latter is a model similar to that of the decarboxylation 

reactions catalysed by uroporphyrinogen decarboxylase. Subsequent studies by the 

same group, using stopped-flow fast kinetic analyses have shown that the reaction 

does indeed proceed via three, two electron oxidations rather than a single, six­

electron oxidation (H. Dailey and L. Davids; personal communication, 2001). 

Substrate specificity 

PPOXs are specific for their natural substrate protoporphyrinogen IX, although 

oxidation of the non-physiological dicarboxylic mesoporphyrinogen IX has been 

reported for barley and spinach (Jacobs and Jacobs, 1984), B. subtilis (Dailey et al., 

1994c; Corrigall et al., 1998a), rat (Poulson, 1975), mouse (Dailey and Karr, 1987) and 

human (Camadro et al., 1985). Both these porphyrinogen structures are similar, 

explaining their recognition as substrates by the same enzyme. The rate o.f oxidation 

of mesoporphyrin IX is usually slower than that of protoporphyrinogen IX. 

B. subtilis PPOX is unique amongst PPOXs in that it catalyses the oxidation of the four 

carboxylic coproporphyrinogen III molecule in addition to protoporphyrinogen IX and 

mesoporphyrinogen IX (Hansson and Hederstedt, 1994; Dailey et aI., 1994c; Corrigall 

et aI., 1998a). However, B. Subtilis PPOX is not a general porphyrinogen oxidase as it 

is unable to oxidise uroporphyrinogen III (Hansson and Hederstedt, 1994). Although B. 

subtilis PPOX can oxidise coproporphyrinogen III, the organism definitely possesses a 

specific oxygen-dependent coproporphyrinogen III decarboxylating protein. This is 

supported by the report of cloning of the hemN gene from B. subtilis, which encodes a 

protein performing such a reaction (Hippler et al., 1997). However, the generalisation 



Univ
ers

ity
 of

 C
ap

e T
ow

na 

mouse, 

1 

I-'rO'lODOrDnvrmOlaen Oxidase and Vari'eaate r(JTnn'Vna Literature Review 2 

in 

1 

1 

over a 

in 

37 

over 



Univ
ers

ity
 of

 C
ap

e T
ow

n

38 Chapter 2 

access 

A 

is 

in 

in 

, (1 an 

on 

1 

are 

are 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Vafi'eaate p,orD.hllrla Literature Review 2 39 

was as a 

a 

was a 

is a 

was 

a 

in 

are 



Univ
ers

ity
 of

 C
ap

e T
ow

n

some 

1 

1 

1 

1 

, 1 

Chapter 2 

1 

, 1 

, 1 

as 

, 1 

or 

in 

an 

n-



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 

It is 

1 

In 

Prllltl'll:ll'lnlhvt'inr"rn'n Oxidase and Varjieaa!te Porphyria Literature Review 2 

1 

mouse 

in 

is a 

monomer 

was 

are 

a 

41 

one non-

1 

an 

were 

in 



Univ
ers

ity
 of

 C
ap

e T
ow

n

42 

2 

-3 

was 

on 

a 

or non-

1 

in a 



Univ
ers

ity
 of

 C
ap

e T
ow

n

P,ntnl"l"'l"lhvrin'OOE!n Oxidase V"",ii ..... ",f .. PI)mll'vrla Literature Review 2 

in 

1 

in same 

in 

in 1 

., 1 

) . 

43 

a 

are 

in 

an 



Univ
ers

ity
 of

 C
ap

e T
ow

n

or 

as a non-

an in 1 

in 

a 

1 

over 

1 

is 

a 

1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

",," ';;;'i 

VBlleO'Bre Pm"nhl/ria Literature Review 2 

Table 2.1: Commercial PPOX inhibitors: chemical. groups, which are 
'.' ' 

Inhibitors 

DPE 

Acifl uorfen Chi oronitrofen 

Oxadiazon AH 2.430 
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was an indicative of resistance of these celis, due to overproduction of mitochondrial 

PPOX. 

In addition, rice, tobacco and soyabean cells are also resistant to certain herbicides 

(Pornprom et al., 1994). Rice was shown to be resistant against PPOX inhibitors by 

being naturally resistant to the phytotoxic oxygen forms generated by protoporphyrin 

IX (Duke and Rebeiz, 1994). 

Inhibition by haem and its metabolic products 

Haem and its metabolic breakdown products, BR and biliverdin (BV), are also effective 

inhibitors of PPOX (Figure 2.3) (Poulson and Polglase 1975, Ferreira and Dailey, 

1988, Corrigall et ai, 1998a). The methylpropionyl and vinyl side chains of haem 

remain intact during the reductive metabolic breakdown into the BV and BR molecules. 

The inhibitory effect of these compounds is based on their structural resemblance to 

the substrate molecule (protoporphyrinogen IX). Ferreira and Dailey (1988) 

demonstrated competitive inhibition of the purified mouse PPOX by BR (Ki = 25IlM), 

with respect to the substrate protoporphyrinogen IX. 

p p 

I Biliverdin 
I l ___ _ 

Figure 2.3: Chemical structures of BV and BR 

v 

H 
Bilirubin 

M 

Gilbert's syndrome is characterised by an unconjugated hyperbilirubinaemia, and 

affected patients have reduced PPOX activity accompanied by a compensatory 

increase in ALAS activity in leukocytes (McColl et aI., 1987). This is a similar enzymic 

profile to that observed in VP patients, yet in Gilbert's patients the excretion of 

porphyrins and their precursors was normal. On the other hand, there is a single report 

of increased excretion of porphyrins in a patient with hyperbilirubinaemia 

(Evans et aI., 1981). 
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Inhibition by diphenyleneiodonium 

Diphenyleneiodonium (DPI+) cations (Figure 2.4) and related species also inhibit 

several flavoproteins (Gatley and Sherratt, 1976; Ragan and Bloxham, 1977; 

Doussiere and Vignais, 1992; O'Donnell et ai., 1994). These compounds act on the 

reduced flavin cofactors associated with flavoproteins, by removing electrons thereby 

causing formation of phenyl radicals and covalent modification of the flavin (O'Donnell 

et al., 1994). The mechanism of this inhibition by these compounds in PPOX has been 

studied and was, indeed, a different mechanism to that of inhibition by DPEs. Arnould 

et al. (1997) showed that a membrane bound yeast PPOX is inhibited by the DPI 

cation with irreversible slow binding kinetics, with maximum inhibition at pH 8.0. More 

potent slow-binding inhibitors are produced by sUbstitution of one phenyl ring with 

methyl or nitro groups. 

H~ 

0fJ oj:) 
I 

+ + 

2.2'- Diphenyleneiodonium 6-Methyl-2.2'- Diphenyleneiodonium 

()--() NO ~I)-J' 2 

+ 

4-Melhyl-2.2'- Diphenyleneiodonium 4-Nitro-2.2'- diphenyleneiodonium 

Figure 2.4: Chemical structures of DPls. 

I n another study on the relation between the herbicide binding site and the flavin 

cofactor, Birchfield et al. (1998), postulated that DPI inhibits human PPOX by 

interaction with the FAD cofactor, reducing enzyme activity by 48% at 100j.lM. This 

inhibition does not affect binding of the photoaffinity radioligand , N-(5-azido-4-chloro-

2-fluorophenyl)-3-4-5-6-[3Hj tetrahydrophthalimide (eH] AzTHP) in the presence or 

absence of 5j.lM substrate . Competitive PPOX inhibitors (AF and THP) were shown to 

compete for binding of [3H]AzTHP (Birchfield et ai., 1998). [3HjAzTHP binds with high 

affinity to a single saturable site in the PPOX from solubulised mouse liver 

mitochondria and is displaced by the oxyfluorfen (DPE) in vivo (Birchfield and Casida, 

1996) . These findings demonstrate that the DPI was not sharing the same binding site 

occupied by [3HjAzTHP, AF and THP on the enzyme molecule . This suggested that 

the FAD binding site is distant from the substrate/herbicide binding site of PPOx. 
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Table 2.2: PPOX gene mutations Meissner et 

ExonJlntron Effect Restriction No. of References and 
and Mutations enzyme families Comments 

Exon 2 

1A>G M1V Nlalll France 1 Maeda et al. 

1A>C MR Nlalll France Maeda etal. 

1A>T M1L lebanon Frank et al. (1 

2T>C M1T Ireland f Frank et al. 
Poland 

3G>C M11 Niall! France 1 

31G>A G11S USA 1 Frank et al. 

35T>C 112T Bani Finland 2 

45G>C L15F Eael UK 7 

SA 1 

59A>C H20P SA 1 

78insC Finland 1 
codon 

Intron 2 

IVS2-2A>C BstNI Finland 1 
codon 

Exon3 

113G>C R3SP Bsil France et al. 

119G>A G40E Mnl1 France 1 et al. 

UK 1 et al. 
160delATCT codon 

165insAG 1 lam etal. 
codon 

175C>T R59W SA Meissner et al. 
founder Warnich et al. 
mutation 

Holland 5 De et al. 

199-200insT France 1 
codon 

218T>C i BsaJ1 UK 1 

Intron 3 

IVS3-1G>C Maelll France 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Exon 4 

251T>G 

254T>C 

317A>C 

338G>C 

Intron 4 

IVS4+1G>A 

413G>C 

428A>T 

454C>T 

460del23 

461T>C 

470A>C 

Intron 5 

None 
to date 

Exon6 

472G>A 

502C>T 

503G>A 

Pr(ltl'll]l'll1tlh!.l'rinIO/'.lF~n Oxidase and Variegate Pn,nhl/ri" Literature Review 2 61 

Effect No. of References and 
families Comments 

V84G 

L85P 2 

H106P 

Bsu361 Finland 2 

USA 

UK 2 

Mnll UK Wn",TI&>" et al. (1 

1 Frank et al. (1 

R138P SA 1 

with R59W 

D143V France 1 

R1 Hbal France 1 

Finland 2 et al. (1 
et al. 
et al. 

UK 
codon 

EcoRI France 

Deletion of exon 5 Bsu361 Finland et al. 
and retention of 
intron 5 

V158M France et al. 

R168C BsaJI SA Meissner et al. 
(1 

R168H Ncol France/UK 2 

Hoiland De 

USAI No detail Frank et al. 
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G505G>A 

515C>T 

528-529insT 

532C>G 

538-539de1AT 

542-556de115 

565deiC 

565C>T 

571G>T 

593T>G 

Intron 6 

IVS6+1G>T 

IVS6-1G>T 

IVS6+7G>A 

Exon 7 

6571ns12 

657-6581ns12 

672G>A 

694G>C 

695G>C 

745-746insC 

745-746insG ' 

745deiG 

Effect 

G169E 

A172V 

codon 

codon 

codon 

codon 

Deletion of exon 6 

Deletion of exon 7 

A219KANA 

A219KASA 

G232R 

G232R 

codon 

codon 

codon 

Cha,nter2 

Restriction 
enzyme 

Mval 

Pstl 

BstXl 

NlalV 

Mnll 

Mnll 

Ddel 

Chili 

UK 

France 

France 

SA 

UK 

France 

UK 

UK 

US/Holland 

US/ 

France 

France 

France 

Denmark 

UK 

UK 

France 

France 

France 

France 

France and UK 

No. of 
families 

3 

1 

1 

1 

1 

2 

1 

4 

1 

1 

1 

1 

2 

2 

1 

2 

References and 
Comments 

Frank et al. 

etal. 

et at 

De Siervi et al. 

as 

et al. 

et al. 

as 

Frank et al. 

Frank et al. 

etal. 

etal. 

et al. 

b) 

Christiansen et al. 

et al. 

et al. 
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• Exon 7 Effect No. of References and 
enzyme families Comments 

Mnll Maeda et al. 
as 759deiAG 

SA 1 at al. 

803G>A UK 2 atal. 

Intron 7 

IVS7+2T>C Deletion of axon 7 UK 
IVS7+1da118 exon UK 

IVS7-9T>G Creation of an Nlalll UK et al. (1 
additional 

site results 
added to 5' 
exon8 

Exon 8 

841-843da1CAC H281del France 3 at al. 

849insT Holland 1 et al. 
codon as 1126+T 

845T>A Maelll UK 2 

856deiA France et al. 
codon 

868G>A BsiYI SA et al. 

868G>C Maelll UK 1 et al. 

915-916da1TG 1 Frank et al. 
codon 

Intron 8 

None 
to date 

Exon9 

872T>C L291P Holland 5 De et al. 

884T>C L295P UK 6 

Intron 9 

IVS9-1G>C Deletion of axon 10 EcoRIl UK 1 

Exon 10 

998A>T H333L Holland 
as 

1004T>G V335G France 

1043A>G Y348C Mae III SA 1 

1046A>C D349A 

1048T>C S350P 
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1072G>A 

1043-1044insT 

1081-1082insG 

1082-1083insC 

1083deiT 

1083-1084insG 

1090-
1091deiAG 

1091insA 

1093G>A 

Intron 10 

IVS10-1G>T 

IVS10+1G>A 

Exon 11 

1106T>C 

1119G>A 

1123C>T 

136C>Ains13 

1144-
1145delGT 

1147-
1148delGT 

1194-
1198deiT ACAC 

1203A>C 

G358R 

codon 

codon 

codon 

codon 

codon 

codon 

codon 

codon 

V365M 

Deletion of exon 11 

introduction of non-
flexible 

W373X 

codon 

codon 

codon 

L401F 

Restriction 
enzyme 

AlwNI 

Ddel 

Maelll 

UK 

UK 

UK 

France 

France 

USA 

France 

UK 

USA 

No details 

France 

China 

Denmark 

France 

Holland 

Indian 

France 

Chile 

Finland 

No. of 
families 

2 

2 

6 

1 

No details 

1 

4 

1 

References and 
Comments 

at al. 

et al. 

Frank at al. a) 

Frank et at (1 

et al. 

Lam et at 

), 

Frank et al. 

Frank et at 
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Intron 11 Effect Restriction No. of References and 
enzyme families Comments 

IVS11-1T>G Normal mRNA <90% UK 

IVS11-1G>A Probable deletion of UK 
exon 11 and 
frameshift 

Exon 12 

1274- Maelll UK 
1275delGT 

1281G>A Bst! UK 

1287deiA France 2 

1289insT Holland et al. 1 
as 1566+T 

Intron 12 

IVS12+1deIG France 2 et al. (1 

IVS12+1G>C USA 

IVS12-2A>G Deletion of exon 13 UK 
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purification is detailed in Appendix 11. Enzyme purity was confirmed by SDS-PAGE 

(Laemmli, 1970) (Appendix 12). 

PPOX activity was assayed using the procedure by Meissner et al. (1986). This assay is 

described in detail in the next chapter and Appendix 13.4. 

Protein concentration of the purified PPOXs were determined by the Bio-Rad Protein 

assay (Bradford, 1976) with BSA as protein standard (see Appendix 14). 

Results 

Engineering of mutants 

Nine mutants were engineered: G9A, G11A, G14A, H20P, R59W, R59K, R59S, R591 and 

Y348C. 

Figure 4.1 a-g shows restriction analyses on 6% acrylamide gels used for screening 

mutant colonies. Full details on fragment sizes, pre- and post digestion, for both wild type 

and mutants are given in Appendix 7.1. 

Y348C 

....... f--- 500 bp 
.---400bp 

...---100 bp 

Figure 4.1 a: Mae 111 restriction analysis of the PCR product of fragment 3 to identify the Y348C mutant. 

Lanes 1, 3, 5, 7, 9, 11, 13, 15 are pre-digests, lanes 2, 4, 6, 8, positive clones (post­

digestion), lanes 10, 12, 14, 16, mixed clones (post-digestion) and lane 17 is the bp 

marker. 

500bp --. 
400bp --. 

100 bp 

R59W 

Figure 4.1 b: Ava I restriction analysis of the PCR product of fragment 1 to identify the R59W mutant. 

Lane 1, bp markers, lane 2-5, wild type (post digestion), and lanes 6-8 are positive clones 

(post digestion). 
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R59K 

1 2 3 4 5 6 7 8 9 10 11 1213 
-4--- 500 be 

... 200 be 

...... 1---- 100 be 

Figure 4.1c: Ava I restriction analysis of the peR product of fragment 1 to identify the R59K mutant. 

Lanes 1-7 and 9-12, wild type post-digestion, lane 8 is a positive clone (post-digestion) 

and lane 13, the bp narkers. 

2 3 

R59S 

4 5 6 

-4--- 500 bp 

... 100 bp 

Figure 4.1d: Ava I restriction analysiS of the peR product of fragment 1 to identify the R59S mutant. 

Lanes 1-5 are positive clones (post-digestion), and lane 6 is bp markers. 

R591 

4----500bp 

4----200bp 

... 100 bp 

Figure 4.1e: Ava I restriction ana ysis of the peR product of fragment 1 to identify the R591 mutant. 

Lane 1 is pre-digesti':>n, lanes 2-3 and 5-7 are mixed clones (post digestion), lane 4 is a 

positive clone (post-digestion), lane 8, wild type (post-digestion) and lane 9 is bp 

markers. 

G11A 
2 3 4 5 6 7 8 9 10 11 12 

._---100bp 

50 bp 

Figure 4.1f: Xcm I restriction anatysis of the peR product of fragment 1 to identify the G11A mutant. 

Lane 1, a positive clone (post-digestion), lanes 2, 5, 9, are mixed clones (post-digestion), 

lanes 3, 4. 6, 7, 8,10,11, are wild type clones, and lane 12 bp markers 

I 
J 

J 
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r 

G14A 

300 bp ~ 

200 bp ~ 

100 bp ~ 

I Figure 4.1 g: 

1-
Msp AI restriction analysis of the PCR product 0 fragment 1 to identify the G14A mutant. 

Lane 1, bp markers, lanes 2, 4, 14 are wild type clones (post-digestion) and lanes 3, 5-13 

and 15-20 positive clones. 

Figure 4.2 shows partial sequences of the engineered mutants performed in order to 

confirm the presence of the required mutation. Full length cDNA sequences were 

analysed to verify that no further mutations had been inadvertently created (data not 

shown). 

Wild type 
Mutant 

Wild type 
Mutant 

Y348C 

T C G T G T T G C T C ~ 

T C G T G T G T G C T C 

~ 
X~. 

C 

C 

H20P 

G T T C C C C T 
G T T ~ C C C C C T 

A 
- c 
-G 
- T 

Figure 4.2: Partial sequences of the created mutants. Primer PF1 was used in all cases, except for 

the Y348C mutant, where primer PF3 was utilised. The arrows indicate the mutated bp (s). 

For comparative purposes the wild type sequences are shown above the mutant 

sequence. 
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Wild type 
Mutant 

Wild type 
Mutant 

Wild type 
Mutant 

Chapter 4 

R59W 

T G G C e T C G G G G 
T G G C C T T G G G G 

R59K 

I I 
G C C T C G G G G • A 
G C C T GG G A 

•• 
AfDMA&&M 

R59S 

A T 
A T 

G C C T 1 G 1 G G 
CC T ~ G T GG 

A T 
G A T 

~ 
R591 

Wild type G G C C 
C C 

G G 
G G 

A T T 

A T T Mutant G G 

L 
Figure 4.2: Continued 

A 
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-G 
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Wild type 
Mutant 

Wild type 
Mutant 

Wild type 
Mutants 

G9A 

G G l c G G G G C 
G G C C G G G G C 

G11A 

G G C G G G G C T C G C 
G G C G G G C C T C • G c 

~!1ili • 
G14A 

T C G C G G e T T G G C 

T C ' G C G ee T T G G C 

Figure 4.2: Continued 
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Expression of Protoporphyrinogen oxidase 

Measurement of PPOX activity in the sonicates from expressed wild type PPOX at the 

various time intervals (25, 30 and 37°C) revealed maximum PPOX activity with incubation 

at 30°C for 18 - 20h (data not shown). Furthermore, no IPTG induction was necessary as 

growth into stationary phase was sufficient for good expression of PPOX. 

As with wild type, incubation of all the PPOX mutants at 30°C for 18h resulted in 

maximum expression. Figure 4.3A shows an analysis of PPOX activity for the R168C 

mutant at the 3 temperatures over the period 12 - 24h, and is a typical example. Also 

illustrated is the fact that IPTG induction did not improve expression to any significant 

extent at 5h Figure 4.38). 

2500 ~---

.s::: 

~ 2000 

e 
0. 

~ 1500 
Ol 

~ 

A 

! 1000 I 
~ 500 ----­
« 

o ~ 

12 14 16 18 20 22 24 

Time (h) 

50 

€ 45 
c:: 
.§ 40 -< 
o 
0. 
"iii 35 
§ 
Ol 30 
~ 
~ 25 
.s 
J:: 20 -.:; 
.-0 
« 15 -

B 

10 ~1~~~~~~~-

o 2 345 

Time (h) 

- Uninduced - IPTG Induced 1 

-----~---

Figure 4.3: A: Time-course analysis of the expression of R168C mutant protein 

B: Effect of IPTG induction on the expression of R168C mutant 

Purification 

Talon metal affinity chromatography of the supernatant from 30ml of sonicate of 

expressed wild type or mutant PPOX yielded pure enzyme, Mr ± 51000 Oa, as judged 

against molecular weight markers on SOS-PAGE (figure 4.4). 
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Wild type 

-
-

2 3 4 5 6 1 

R168C 

3 4 5 6 

R59K 

1 2 3 4 5 6 

G9A 

2 3 4 5 

Y348C 

~ 
~ 

~ 

~ 

... 
I ~ 

2 3 4 5 6 

H20P 

-
-
-2 3 4 5 

R59S 

3 4 5 6 

G11A 

-
-4 5 

94000Da 

67000Da 

43000Da 

30000Da 

20100Da 
14400Da 

R59W 

1 2 3 4 5 6 

R591 

2 3 4 5 6 

G14A 

1 2 3 4 5 6 

81 

Figure 4.4: 50S-PAGE of wild type and mutant PPOXs as shown above each gel. Lane 1 is the 

load/supernatant from sonicate E. coli cells expressing PPOX, lane 2 is the void, lane 3 is 

the wash, lane 4 and 5 are the purified PPOX proteins, and lane 6 the molecular weight 

markers. For H20P, G9A, and G11A only one lane of purified PPOX is shown (lane 4). 

Lane 5 is the molecular weight markers (molecular sizes of wild type and other mutants 

are as those shown for Y348C). 5~1 of load and void were loaded in all cases. For washes 

100~1 and eluates, 5~1 (lane 4) and 2.5~1 (lane 5) of wild type and 100~1 (lane 4) and 50~1 

(lane 5) of all mutants loaded, except for H20P, G9A, and G11A where only 1 OO~I (lane 4) 

of the eluate was loaded. 
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Purification data for wild type and mutants are shown in table 4.2. Total amounts of 

mutant protein obtained from 1 L of culture varied considerably and were lower than wild 

type except for R59S in which the yield was similar. Binding to the column appeared weak 

for the H20P, G9A and G11A since most of their activity was present in the void and/or 

wash fractions. Thus, very low yields were obtained for these three mutant enzymes 

making it impossible to determine a full set of kinetic parameters (see Chapters 5 and 6) 

other than specific activity. 

Table 4.2: Purification yield, activity and percentage recovery of wild and mutant PPOXs. 

Fractions Volume Protein Total Protein Total Activity Activity Percentage 
(ml) Concentration (mg/L culture) (nmol/h) (nmol/mg/h) Recovery 

(mg/ml) 

LOAD 

Wild type 25 4.70 118 2452125 20781 100 

Y348C 30 5.30 159 189360 1190 100 

R168C 28 6.20 174 335048 1930 100 

H20P 19 5.37 102 800 8 100 

R59W 25 6.10 152 2750 19 100 

R59K 29 5.30 154 717460 4659 100 

R59S 25 3.79 95 25350 268 100 

R591 27 4.44 120 11097 92 100 

G9A 30 7.20 216 2529 12 100 

G11A 19 4.19 80 86 1 100 

G14A 30 9.20 276 352800 1278 100 

VOID 

Wild type 25 4.40 110 427050 3882 17 

Y348C 30 4.50 135 48690 361 26 

R168C 28 5.40 151 20286 134 6 

H20P 19 4.30 82 522 6.36 65 

R59W 25 5.50 138 332 2 12 

R59K 29 4.90 142 23635 166 3 

R59S 25 3.59 90 1800 20 7 

R591 27 4.35 117 1242 11 11 

G9A 30 7.20 216 1341 6 53 

G11A 19 3.70 70 10 0.14 11 

G14A 30 8.50 255 22950 90 6 
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Table 4.2: continued 

I Fractions Volume Protein I Total Protein Total A .1'" A ,I;;, ..... .& • 

I Concentration 
..... ":::~ .. )' --..;; "~/'1) , ;:; ... "' ..... 1<:1 .. 

-" 
"'. __ .Inl "" .. - "-.. v,, .. , )' 

Vll91m1l 

WASH 

Wild 15 0.17 2.6 12210 4696 1 

Y348C 14 0.35 4.9 7590 1581 4 

R168C 14 0.54 7.6 4529 608 1 

H20P 13 0.36 4.7 231 49 29 

R59W 15 0.66 9.9 0 0 0 

R59K 14 0.19 2.66 2744 1032 0.4 

R59S 17 0 0 0 0 0 

R591 15 0.38 5.70 129 23 1 

G9A 12 0.62 7.75 325 42 13 

G11A 16 0.26 4.16 30 7 35 

G14A 15 0.43 6.45 5475 849 2 

ELUATE 

Wild 4 0.47 1.90 872928 436464 36 

Y348C 4 0.15 0.60 27660 46100 15 

R168C 1 0.40 0.40 34694 78850 10 

H20P 1 0.03 0.03 22 688 3 

R59W 2 0.39 0.78 1000 1282 36 

R59K 2.8 0.54 1.51 233612 155741 33 

R59S 4.7 0.47 2.21 21808 9868 86 

R591 2.7 0.61 1.65 9315 5646 84 

G9A 1.0 0.12 0.12 239 1988 9 

G11A 0.9 0.03 0.03 3 106 4 

G14A 1.5 0.46 0.69 122400 177391 35 
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5.1: ........ L .. II' .. of wild and mutant PPOXs measured in Na ... nu .. ' .......... Tris/HCI 

and Na CArht\n""tAf 
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Table 5.1: activities of wild and mutants, and of wild PPOX 

PPOX 

Wild 7150.00 ± 192 (n = 4) 100 

Y348C 617.00 ± 8.97 (n = 4) 8.6 

R168C 1257.00 ± 41.4 (n = 3) 17.5 

H20P 11.32 ± 0.75 (n = 3) 0.2 

R59W 19.75 ± 1.05 (n = 4) 0.3 

R59K 2690.00 ± 66.7 (n = 3) 37.6 

R59S 183.10±11.0(n=4) 2.6 

R591 106.00 ± 7.27 (n = 4) 1.5 

G9A 36.85 ± 2.90 (n = 3) 0.5 

G11A 1.57 ± 0.14 (n = 3) 0.02 

G14A 3044.00 ± 67.2 (n = 3) 42.6 
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Table 5.2: Substrate and and mutant PPOXs 

Wild 5.95 ± 0.44 (n :: 6) 7.00 

Y348C 1.07 ± 0.09 (n:: 6) 0.53 ± 0.07 (n :: 6) 0.50 

R168C 1.00 ± 0.06 (n :: 1.02 ± 0.03 (n :: 1.02 

H20P NO NO NO 

R59W 1.26 ± 0.10 (n:: 5) 0.04 ± 0.01 (n :: 5) 0.03 

R59K 0.83 ± 0.09 (n:: 3) 2.57 ± 0.12 (n :: 3) 3.10 . 

R59S 1.70 ± 0.24 (n:::: 4) 0.17 ± 0.01 (n :: 4) 0.10 

R591 2.09 ± 0.06 (n::: 3) 0.15 ± 0.01 (n :: 3) 0.07 

NO:::: not determined 



Univ
ers

ity
 of

 C
ap

e T
ow

n

was 

RFU 

480 500 520 540 560 580 600 

5.4: Fluorescence emission """, .. "nu.. and standard FAD. The .. n' ..... ' ....... was 

recorded at an excitation wavelenclth of 450nm and had a maximum emission wavelenCllim 

at 520nm. 
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were 

FAD standard 

R59W 

300 350 400 450 500 550 

Wavelength (nm) 

5.5: UVNlS of FAD wild R59K and R59W PPOXs. Ab!!!IOrloticln 

maxima at 375 and 450nm are for FAD ",h.nl"l<am wild and R59K mutant 

PPOX. A can be seen for R59W. 

an 

PPOXs 

5.6: FAD ",hc,t'\ ... ~ti"", .. at 450nm for wild and mutant PPOXs. FAD content was "'"., ..... ,"".u.1"I 

as of Data are means ± S.D. for n == 3. 
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Table 6.1: of the wild and PPOXs. 

PPOX 

AF MEAF BV 

4.20 - 0.39 (n = 5) 0.1S±0.01 (n=4) 41.00 

Y348C 70.00 ± 4.30 (n = 6) 55.60 ± 2.60 (n = 3) 3.10 ± 0.35 (n = 

R168C 46.00 ± 4.40 (n = 4) 1.10±0.08 (n=4) 0.40 ± 0.02 (n = 3) 

R59W 4.20 ± 0.33 (n := 4) 0.20 ± 0.03 (n:= 4) 21.00 ± 0.96 (n = 4) 

R59K 3.33 ± 0.24 (n = 3) NO NO 

R59S 2.67 ± 0.19 (n = 3) NO NO 

R591 0.90 ± 0.01 (n = 3) NO NO 

G14A 5.70 ± 0.22 (n = 3) NO NO 

NO ::: not determined 

Table 6.2: The effect of AF on human wild PPOX actlvltv. The 

0.00 

0.25 

0.50 

0.75 

1.00 

are indicative of mnAtit'ivA inhibition. 

0.62 ± 0.066 

1.02 ± 0.41 

1.58±0.14 

2.04 ± 0.47 

2.72 ± 0.38 

486 ± 4.27 

472 ± 2.25 

478 ± 7.26 

459 ± 2.11 

467 ± 13.6 

0.0013 

0.0022 

0.0022 

0.0044 

0.0058 

BR 

34.20 ± 3.80 (n = 4) 

No inhibition 

No inhibition 

NO 

NO 

NO 

NO 

and invariant 

0.0021 

0.0021 

0.0021 

0.0022 

0.0021 
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Table 6.3: Kinetic n::lr'::Im,AtAIF!'I Ks and of wild and mutant PPOXs for inhibitor AF. 

PPOX Calculated KI Observed Ki Observed Ks a Mode of 

inhibition 

Wild 0.23 ± 0.019 (n ::: 4) 0.20 ± 0.005 (n ::: 3) 0.51 ± 0.012 (n :: 3) 00 

Y348C 4.72 ± 0.280 (n :: 6) NO NO NO 

R168C 3.00 ± 0.260 (n = 4) 3.13 ± 0.530 (n:: 3) 0,38 ± 0.037 (n ::: 3) 00 

R59W 0,33 ± 0.025 (n :: 4) NO NO NO NO 

R50K 0.18 ± 0.013 (n::: 3) NO NO NO NO 

R59S 0.27 ± 0.019 (n :: 3) NO NO NO NO 

R591 0.11 ± 0.002 (n :: 3) NO NO NO NO 

G14A 0.31 ± 0.012 (n :: 3) NO NO NO NO 

ND:: not determined 
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PHYSICOCHEMICAL CHARACTERISATION OF HUMAN WILD 

TYPE AND MUTANT PROTOPORPHYRINOGEN OXIDASE 

Introduction 

107 

As this chapter involves the study of PPOX unfolding, and is focussed on the 

thermodynamics of folding, we include an appropriately detailed review of protein folding. 

Protein folding 

For a native biologically active protein, the polypeptide chain will fold upon itself to the 

same unique three-dimensional (3D) structure consistently, in vitro and in vivo (Anfensen, 

1973). Protein folding normally does not involve a single folding pathway, and usually 

there is more than one. Although there are potentially multiple folding routes to achieve 

the correct conformation, certain routes are more feasible than others due to a bias in the 

energy landscape towards particular structures (Dinner et aI., 2000; Onuchic et aI., 2000). 

These routes are more populated than others and they are the ones observed. The 

description of folding mechanisms of specific proteins and the interpretation of 

experimental data are based on folding pathways using symbols to represent microscopic 

states such as the unfolded state, intermediate state, and native state (Dinner et aI., 2000; 

Bilsel and Matthew, 2000). 

The folding process for a globular protein can best be pictured as a "funnel" referred to as 

an energy landscape (Figure 7.1). Many possible equivalent unfolded states are 

represented at the rim on top of the funnel. With the interaction between residues 

increasing, polypeptides "fall down" the wall of the funnel through different folding 

possibilities, leading to anyone of a family of semi-compact structures. From this stage 

there is a rapid progression to the native (folded) tertiary structure represented at the 

bottom of the funnel. 

When polypeptide chains fold, they minimise their hydrophobic surface area exposed to 

the aqueous environment resulting in a folded structure with a hydrophobic core of tightly 

packed amino acid side chains (Honig, 1999). The tight packing of side chains enhances 

attractive interaction energy but minimises chain conformational entropy. The uniqueness 

of the folded structure for a given sequence is a consequence of a balance between the 

interaction energy and chain entropy, i.e., only one fold with its tightly packed hydrophobic 
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and cooperative core will have low enough energy for a given sequence (Dinner et aI., 

2000, Rumbly et aI., 2001). 

Figure 7.1: A model for the steps involved in the folding of globular proteins (From Gareth and 

Grisham, 2002) 

Thermodynamics of protein folding 

Folding is under thermodynamic control in that it occurs only if the 3D structure is 

sufficiently stable relative to the ensemble of unfolded states (Bilsel and Matthew, 2000). 

However, the energy difference between the folded structure and its unfolded state is very 

small, and consequently, the folded states exist on the edge of stability/instability. This 

accounts for the conformational flexibility of proteins and explains why they are so easily 

denatured. This conformational flexibility of folds enables them to accommodate 

significant changes in amino acid sequence such as may occur in mutant proteins. This 

results in a different structural conformation and may have serious implications to the 

normal functioning of the protein (Govindarajan and Goldstein, 1996; Honig, 1999). 

A protein adopts a folded native conformation when the energy of inter-strand interaction 

is greater than the conformational entropy of a full length sequence. For protein stability, 

the equilibrium between folded and unfolded protein is shifted towards the native state. 

The free energy change (L1G) for the folding must be negative. A negative L1G of folding is 

achieved by balancing several thermodynamic factors that include, conformational entropy 

(-TL1S), enthalpy (L1H) and hydrophobic effects (-TL1S) (Figure 7.2). This may be expressed 

by the following equation: 
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~G = ~H - T~S 

The free energy difference of the two states is determined by summing up all the physical 

interactions that take place within the protein molecule, and between the solvent and 

protein (~H), plus all entropic interactions (-T~S). From the equation shown above it is 

noted that the conformational entropy is a thermodynamic quantity that prevents folding. A 

large negative ~H, resulting from energetically favourable interactions between groups 

within folded molecule, including noncovalent interactions, is required to overcompensate 

the effect of the conformational entropy. 

A relatively small ~G for folding reactions corresponds to the difference between large ~H 

and T ~S terms that has to be balanced to allow for cooperative folding of a protein. Non­

covalent interactions form and break in cooperative manner. As a result of this, thermal 

denaturation usually occurs over a narrow temperature range. Entropy and enthalpy 

almost compensate each other, as ~H and ~S make adjustments to keep ~G fairly 

constant. 

Internal 
interactions 

"";.I;bS 

Hydrophobic 
eHect 

o + 

L' 
Conformational 
entropy 

~-------- ---------
Net 

Folding 

Figure 7.2: Contribution to the free energy of folding of globular proteins (From Mathew and Van 

Holde, 2000) 

Thermal denaturation 

Ideally, proteins are purified in their folded conformation, from natural biological sources. 

However, changes may occur in the properties of proteins upon heating, acidification or 

treating with chemical reagents, resulting in their denaturation. These changes may, under 

certain conditions, be reversed with complete recovery of biological function. This is 

referred to as renaturation. The simple folding reaction, 
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Unfolded 
Renaturation/Folding 

.. -----------=----l~. Native 
Denaturation/Unfolding 

is described by a two state process, i.e., the reaction proceeds to the right or left without 

any intermediate states (Privalov, 1979; Privalov and Gill, 1988; Jackson, 1998). The ratio 

of the rate constants represents the equilibrium constant for the reaction. There is no 

other visible component in the reaction. Partial unfolding in the course of denaturation 

may yield information on the unfolding process i.e, on the independence or coupling of the 

unfolding of folding units (domains). 

Protein stability is measured by monitoring unfolding under denaturing conditions using 

different techniques (either thermal denaturation or chemical denaturation with urea or 

guanidinium chloride). In this study, UV spectroscopy was used at different temperatures 

to determine the stability of PPOX. When a folded protein structure is heat denatured 

(Figure 7.3), the UV absorbance increases due to the exposing of aromatic amino acids, 

resulting in a change in the extinction coefficient (hyperchromic effect) at a certain 

wavelength (270nm for PPOX). This hyperchromic absorbance change occurs over a 

narrow temperature range. The melting temperature (T m) is defined as the temperature at 

which 50% of the protein is denatured. Thus, T m is generally dependent on the nature of 

the protein and the UV thermal (melting) curve is useful in determination of the 

thermodynamic parameters of the protein. 

Heat 

Figure 7.3: Thermal denaturation of protein (From Mathew and Van Holde, 2000) 

Protein Circular Dichroism spectrum 

Circular dichroism (CD) spectroscopy is used to measure the optical activity of 

asymmetric molecules in solution. CD is sensitive to conformational change (Hennessey 

and Johnson, 1981), and may be used to measure conformational change of proteins (or 

mutant proteins) under different circumstances, such as a variety of denaturing conditions 
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or in the absence/presence of ligand or inhibitor. The CD spectrum can also be used to 

determine the relative contribution of secondary structural components (e.g. a-helix and f3-

sheet) of proteins in solution. Figure 7.4 shows CD spectra of the three basic structures 

(a-helix, f3-sheet and random coil conformations) of polypeptide chains. The CD spectrum 

for each secondary structure was calculated from a set of CD spectra of a whole protein. 

The percentages of each secondary structural component were determined from analysis 

of the corresponding crystal structure (Feldman, 1976). Thus, standard CD curves of a 

given secondary structure are produced and the percentage of each secondary structure 

in a protein derived from its CD spectrum (Hennessey and Johnson, 1981). 

co 
:., 

'-, 
'"' 

+ 

190 200 220 

Wavelength. nm 

-------

240 25C 

Figure 7.4: Circular dichroism spectra of polypeptide in various conformations (From Mathew and 
Van Holde, 2000) 

Thus, useful information about the relative effects of different amino acid substitutions can 

be obtained by using the techniques described above. It is reasonable to study mutant 

proteins by such techniques as many mutants have some biological activity (as in the 

case of PPOX, see Chapter 5) suggesting that these amino acid substitutions do not 

destabilise the protein to such an extent that they are unable to fold to a structure roughly 

similar to wild type, native protein. 

In this chapter, semi-quantitative and quantitative information about the effect of specific 

amino acid substitutions on the stability and the folding mechanism of PPOX are obtained 
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by comparing the folding thermodynamics and secondary structure of the mutant protein 

with those of the wild-type protein. 

Objectives 
• To determine the effect of temperature on wild type and mutant PPOX activity by 

measuring T1I2 . 

• To determine and compare the thermodynamic parameters (~H, ~S, ~G, and T m) of 

wild type and mutant PPOX from UV melting curves. 

• To determine secondary structure of wild type and mutant PPOX from their CD 

spectra. 

Methods 

Protein preparation 

In order to assess the thermodynamic properties and secondary structures of the PPOXs 

the proteins had to be in an appropriate buffer (l\laCI free). Hence the purified PPOX 

preparations were subjected to PD10 chromatography in order to effect a buffer exchange 

into 0.01 M Tris-acetate, 0.2% (w/v) n-octyl-~-D-glucopyranoside, pH 7.2 (Tris-acetate 

buffer). This was performed at 4°C and is detailed in Appendix 17. Protein concentration 

was determined (Appendix 14) and PPOX diluted to 0.15mg/ml for UV melting or CD 

measurements. 

Effect of temperature on PPOX activity 

Homogeneous wild type and mutant PPOXs were divided into aliquots and each aliquot 

denatured in a Hybaid Omnigene thermal cycler at a specific temperature for 3 min and 

kept on ice (see Appendix 17 for details). The temperatures ranged from 30 to 65°C in 

5°C steps. One aliquot was not heat denatured and was used as a reference. PPOX 

activity was assayed (Appendix 13) and the temperature that reduces enzyme activity to 

half its maximal velocity (T1I2) determined from the plot of residual activity vs temperature. 

Temperature induced denaturation 

The unfolding transition of the wild type and mutant PPOXs were obtained by UV 

spectroscopy and thermodynamic data including the melting temperature (T m), enthalpy 

(~H), entropy (~S), and Gibbs free energy (~G) determined (Appendix 17). We have used 

the terms ~H, ~S, ~G to refer to the cooperative unit (number of amino acid residues that 

change conformation simultaneously) rather than stipulating them to be van't Hoff 
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thermodynamic state functions in each case (~HvH' ~SvH, ~GvH). Thermal denaturation 

experiments were performed on a Pye-Unicam SP1800 spectrophotometer with a custom­

made heating block interfaced to an IBM PC through an Oasis digital converter. 

0.15mg/ml of PPOX in Tris-acetate buffer was used in the experiments. Temperature was 

increased from 15°C to 75°C at a rate of 1°C/min. First derivative curves were generated 

for each scan. 

To assess the reversibility of folding, PPOX was heated to 75°C (past the unfolding 

temperature) and cooled to an initial temperature of 15°C before re-heating back to 75°C. 

To determine the stability of folding domains, PPOX was heated to a temperature just 

below the T m value and cooled to 15°C, before re-heating back to 75°C. 

To investigate the effects of either AF or FAD on T m, melting curves were generated at an 

enzyme:AF or FAD molar ratio of 1:1,1:51:10 and 1:20. 

Melting curves were analysed by the method of Marky and Breslauer (1987). 

CD spectrum 

CD spectra of wild type and mutants (0.15mg/ml, in Tris-acetate buffer) were measured 

on a Jasco J-810 spectropolarimeter using a 0.1 cm path length quartz cuvette. The 

temperature(s) at which the spectra were collected were determined from melting curves 

for wild type and mutants. The temperatures were extracted from four regions (native, 

marginally native, T m, and unfolded region) and used to generate four CD spectra (see 

Appendix 20). All spectra were analysed by a 10 spectra accumulation and the secondary 

structure estimated using computer software by Deleage and Roux (1987). 

Results 

Effects of temperature on PPOX activity 

To examine the effect of temperature on wild type and mutant PPOX activity, T1/2 was 

measured. Figure 7.5 shows typical activity curves obtained during denaturation of wild 

type and mutants. Generally there was a decrease in enzyme activities at temperatures 

over 45°C except for R 168C which was affected from 40°C. 
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Figure 7.5: Temperature induced reduction in activity of wild type and mutant PPOXs showing the 

effects of temperature on their activity. Curves for R59K, R59S, R591 and G14A are not 

shown, and they all fall between wild type and R59W. 

T1/2s are shown in Table 7.1 (see Appendix 21 for actual data). For convenience, we have 

separated the values into three groups representing those higher, lower or approximately 

equal to wild type. Although the data is not sufficient to determine a statistical significance 

we feel they may represent trends. The T1/2 values of G14A and R59K are similar to that 

of wild type (shown in black bold). R591, R59W, Y348C and R168C have reduced T1I2 

values (shown in blue) and T1/2 for R59S is increased (shown in red). 

Table 7.1: T1/2s of wild type and mutant PPOXs 

PPOX T1/2(OC) 

R59S 60.3 ± 0.33 (n = 3) 

Wild type 56.8 ± 0.47 (n = 4) 

G14A 56.3 ± 0.62 (n = 3) 

R59K 56.3 ± 0.47 (n = 3) 

R591 54.2 ± 0.25 (n = 3) 

R59W 53.0±0.71 (n=4) 

Y348C 50.2 ± 0.43 (n = 4) 

R168C 47.6 ± 0.51 (n = 4) 
.-

Thermal unfolding of PPOX 

The thermal equilibrium transition curves, as determined by measuring absorbance at 

270nm, were similar in all PPOXs studied, except for R168C and Y348C (Figure 7.6). The 

first derivative curves are shown as insets. The melting curves generated for all PPOXs 
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(except R168C and Y348C) were monophasic and showed co-operative unfolding. 

However, R168C and Y348C melting curves were different. In both these cases, the onset 

of melting reflects the beginning of the unfolding process, but once · past the T m, 

irreversible aggregation occurs leading to a continuous increase in absorbance. 
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Figure 7.6: Equilibrium transition curves for thermal unfolding of wild type, Y348C and R168C PPOX. 

The net stability of PPOX was determined from melting temperature (T m) in the middle of 

the transition region. Insets show the first derivative curves. All mutants other than the 

two shown here, behaved similarly to the wild type. 

The thermodynamic parameters (T m, llH, llS, and llG) were calculated from these melting 

curves and yielded values shown in Table 7.2 (see later). 

When PPOX (for both wild type and mutants) was denatured and re-heated after cooling, 

there was no melting curve observed for the second heating process. Instead, 

aggregation of PPOX was apparent (data not shown). 
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When PPOX was heated to a temperature just below the T m region, and slowly cooled 

back to a partially folded state (as seen by a higher absorbance), re-heating to a fully 

unfolded state (denatured) showed a melting curve with co-operative unfolding. The T m 

value of the partially folded PPOX was the same as for the fully folded structure (Figure 

7.7). The inset in figure 7.7 shows that unfolding started at a slightly higher temperature in 

the case of the partially folded structure. This effect was demonstrated for both wild type 

and mutant PPOXs and shown to be the same. 
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Figure 7.7: Typical equilibrium transition curve for thermal unfolding of reheated PPOX (in this case 

wild type). The curves demonstrate partially folded PPOX that with co-operative 

unfolding. An inset shows a region where heating was stopped before re-heating. The 

partially folded structure maintains its stability and starts unfolding at a slightly higher 

temperature. 

Thermal equilibrium studies 

Mutating wild type PPOX to Y348C, R 168C, and R59W had a small effect on the T mS (:::::: 

50°C) at pH 7.2. T mS in the case of R59K, R59S, and R591 were higher (:::::: 60°C). l\Iegative 

llH and reduced llS resulting in negative llG was observed for wild type and all mutants, 

with R59K, R59S, and R591 having the largest negative llGs (Table 7.2). Changes in llH 

and llS are so small as compared to the data obtained from the wild type that no case can 

be made for an influence by any mutations. 
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Table 7.2: Thermodynamic parameters from an analysis of thermal unfolding curve for wild type 

and mutant PPOXs at pH 7.2. 

PPOX Tm(OC) a ~H (kcal.mor') b 

Wild type 52.10± 1.90 -121 

Y348C 53.70 ± 0.30 -123 

R168C 47.90±0.10 -118 

R59W 52 .00 ± 0.25 -123 

R59K 5940 ± 040 -130 

R59S 60.60 ± 0.60 -132 

R591 59.25 ± 0.75 -127 

'Free energy of folding 

See Appendix 17 for equations 

a Midpoint of the transition area of the melting curve 

b From equation 2 

C From equation 3 

d From equation 5 

~S (kcal.mor'.K· ) C ~G· 25o c(kcal.molc-f ) (f 

0.377 -9.1 

0.375 -11 

0.368 -84 

0.377 -11.1 

0.390 -13.7 

0.394 -14 

0.384 -12.8 

Figure 7.8 shows the effect of temperature on ~G when PPOX is denatured thermally. At 

25°C, ~G is negative (also refer to Table 7.2) for wild type and mutants. As the 

temperature is increased ~G also increases and by definition, reaches 0 at the T m and 

thereafter becomes positive . 

65 ip 

q, -10 · 
z 
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R59K --R59S --R591 

Figure 7.8: Gibbs free energy of unfolding plotted as a function of temperature for wild type and 

mutant PPOXs. Data was obtained from melting curves and expressed in terms of T m (in 

K) and ~H at T m = ~HvH. 
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The calculated L". T and L".L".G25oC values give an indication of relative stability/instability 

(Table 7.3). All mutants, except for R168C, were thermodynamically more stable than wild 

type PPOX as positive L". T and L".L".G25oC values were observed for all mutants, except 

R 168C. Mutants, R59K, R59S, and R591 appeared to be the most stabilised. 

Table 7.3 Thermodynamic parameters measuring change in melting temperature (L1 T m) and 

instability L1( L1 Go25oc) of wild type caused by missense mutations 

2.6 

R168C -3.2 

R59W 0.9 

R59K 8.3 

R59S 9.5 

R591 8.1 

'Free energy of folding 

See Appendix 17 for equations 

e Difference between the T m values, equation 6 

r Difference between the L1Go250C values, equation 7 

Effect of AF and FAD on T m of PPOX 

1.9 

-0.7 

2 

4.6 

4.9 

3.7 

Figure 7.9 illustrates that T m of PPOX increases in the presence of increasing 

concentration of the inhibitor AF. When the protein:AF ratio is increased from 1: 1 to 1 :5, 

there is a significant increase in T m value on all PPOXs except Y348C. 

The effect of FAD on the enzyme stability was investigated. There was no significant 

increase in T m in the presence of FAD for both wild type and mutants tested (data not 

shown). 
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Figure 7.9: Typical first derivative of PPOX showing how T m increases with increased AF 

concentration. All PPOXs except for Y348C were stabilised (increase in T m) by AF up to a 

protein: AF ratio of 1: 5, after which there was no further stabilisation. 

Figure 7.10 shows the comparative T m values at a protein:AF ratio of 1:5. At protein:AF 

ratios above 1 :5, there is no further increase in T m. The increase in T m in the presence of 

AF was observed for the wild type and other mutants, except for R168C that had a small 

increase, and Y348C that had no increase. The R591 mutant had the highest increase in 

Tm. 
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Figure 7.10: Melting temperatures for wild type and mutant PPOXs in the absence (white bars) and 

presence (black bars) of AF (protein: AF ratio: 1: 5). Thermal denaturation of wild type 

and mutant PPOXs was performed by slowly heating samples from 15°C to 75°C. 

Secondary structure 

CD spectra of the wild type and mutant PPOX were recorded and analysed between 

wavelengths of 200 and 260nm (Hennessey and Johnson, 1981). Changes in secondary 

structure of wild type and mutant PPOX on unfolding was monitored at increasing 

temperatures. Figure 7.11A shows such spectra with increasing ellipticity when the 

temperature is increased, for wild type PPOX. Figure 7.11 B is derived from these spectra 

and shows how the percentage of a-helix decreases with increasing ~-sheet and random 

coil. Mutants display similar spectra and are shown in Appendix 20. 
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Figure 7.11: A: CD spectra of wild type PPOX at different temperatures (25, 40, 50, and 65°C). 

B: Percentage of secondary structures for wild type CD spectra, shown in A. 
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The CD spectra generated at 25°C for wild type PPOX showed a secondary structure with 

a dominating a-helix structure . The a-helix structure of the wild type PPOX decreased to 

varying degrees for Y348C, R168C, and R59W (Figure 7.12) with increasing ~-sheet and 

random coil structures. In contrast, R59K, R59S and R591 have severely decreased a­

helical content with R591 having the most dramatic reduction. Generally, in all the mutants, 

~-sheet and random coil structures increased as a-helix decreased. 
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Figure 7.12: Deconvolution into secondary structures of wild type and mutant PPOXs obtained from 

CD spectra according to Deleage and Roux (1987) 

Discussion 

We effected a buffer exchange into Tris-acetate buffer. Other recommended buffers such 

as Na phosphate, Na sulphate, Na cacodylate proved unsuccessful for PPOX 

resuspension due to precipitation of the protein at the required high concentrations. Tris­

acetate buffer could be used for PPOX at a concentration high enough (O.15mg/ml) to be 

used for CD spectrum recording and UV melting experiments. PPOX (O.15mg/ml or less) 

remained in Tris-acetate buffer solution at 4°C for two to trlree days. 

UV melting and CD spectra of PPOX were performed on the same sample immediately 

after preparation, so as to prevent possible premature unfolding . Pilot studies showed that 

CD spectra of wild type and mutants changed dramatically on the third day after 

preparation , indicating a mixture of folded and unfolded PPOX structures. However, 

results obtained on the first and second day after preparation were consistent . All 

experiments were performed at least in duplicate, on different preparations. Following our 
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sample preparation protocol we considered that the PPOX that was melted and used for 

CD spectra was in its native conformation. 

Effect of temperature on PPOX activity (T%) 

The effects of increasing temperature on the enzymatic activity of PPOX varied (Table 

7.1). Y348C, R168C, R59W and R591 had reduced T1/2 values and R59S had an 

increased T1I2 suggesting that these mutations have an influence on the structure of the 

active site. R59K was unaffected. 

Effect of temperature on PPOX unfolding (T m) 

The UV melting curve of all PPOXs studied (except for R168C and Y348C) was sigmoidal 

in shape, indicating cooperative denaturation. Generally, the kinetics of unfolding was a 

single first-order reaction. The melting curve is characteristic for a two-state transition 

indicative of the equilibrium that holds between the native and unfolded PPOX protein. 

Because PPOX is a large molecule, it is reasonable to assume that it forms a multi­

domain structure, and these domains could unfold via a two state process, independently. 

R168C and Y348C mutants have the potential to form additional or non-native disulfide 

bonds that influence unfolding equilibrium. With these mutants, multi-equilibrium with 

other cysteine residues may exist on unfolding, favouring aggregation, which may explain 

the high-temperature section of the curves in Figure 7.6. 

In the re-heating experiments (Figure 7.7), it was demonstrated that, when the 

temperature is increased to approach the T m region, a first domain unfolds leaving another 

domain(s) folded. This partially unfolded structure is indicated by high absorbance, even 

after cooling to lower temperatures (15°C), meaning that the protein does not become 

completely refolded. However the remaining ordered structure maintains its stability and 

on re-heating unfolds via a two state mechanism. These domains remain undefined, as 

there is no PPOX crystal structure available yet. 

The experiments in which PPOX was denatured and re-heated after cooling showed no 

melting curve for the second heating process. Instead, aggregation of PPOX was 

apparent. This higher order reaction involves slow aggregation of PPOX on denaturing, 

making the overall unfolding irreversible. 

The observed data did not show any significant correlation between T m and T1/2 values. T m 

involves the overall structural stability while T1/2 reflect changes in the environment of the 

active site. The fact that there was no correlation in thermostability of these mutant 



Univ
ers

ity
 of

 C
ap

e T
ow

n

A 

1 

1 

access 

a 

Phl,sicoclilemical Characterisation of Human'Wild 

or 

was 

and Mutant ProtonornhvrinolrJen Oxidase 

is 

it. 

nrn1rOl"T it 

a 

was 

in 

one can 

is no 



Univ
ers

ity
 of

 C
ap

e T
ow

n

124 

1'1, a is 

1 ). 

as a COT,actlor 

in 

(1 

'C'i:lI\.AU'C' on 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Ph'lfsitzoche,nical Characterisation of Human Wild Type and Mutant prcltol)OI1DmmIlIOo,en Oxidase 125 

on ,n\lnl\,,"'''' in 

in a 

II a 

II 

II 

II 

II 

is 

II were more 

II 

II that 

a is in 



Univ
ers

ity
 of

 C
ap

e T
ow

n

126 

II 

III 

III A 



Univ
ers

ity
 of

 C
ap

e T
ow

n

, .~ ..... 127 

8, 

a 

.,ur,,,,,,,.n in i"!:lIT!:lII\lCtI 

a 

one. 

we nne''''' .... ,'':: ...... 

was 

was a 

or 



Univ
ers

ity
 of

 C
ap

e T
ow

n

128 ChanterS 

assume 

were more 

is 

as it is 

it use 

se, in are more 



Univ
ers

ity
 of

 C
ap

e T
ow

n

/mlJl/ic:J,tiotIS and Future Directions 129 

a 

are 

mouse m()(]t~I:S. are 

is in our 



Univ
ers

ity
 of

 C
ap

e T
ow

n

130 ChapterS 



Univ
ers

ity
 of

 C
ap

e T
ow

n

.131 

M. and ... "",,,,"£.r.,,,, .. n,",,,,,,, B. (1971). ALA n.,n\lnr:;;IT'" activation zinc ..... n;'''mll'' 12: 708 - 710. 

I.Z. and K.G. (1981). Hln"'AI'A~I~ of mitochondrial ..... "to;.,,' Identification of the mature and 

precursor forms of the subunit of delta-aminolevulinate ""lrlTr" .. ,,,::. from chick liver. J. Bioi. 

Chern. 256: 9329 - 9333. 

A.D. (1 The chemical and behaviour of nnr'nn'lrln and related 

Ann. NY Acad. Sci. 206: 1 - 761. 

I., at al. ISOI!atICm sequence and oxygen of the 

HEM 13 gene nrnnnl·nn'Jrln,n,.,,:.n oxidase. J. Bioi. Chern. 263: 9718 - 9724. 

An acute nl'"l .. ntH, .. i",· a novel of 

delta-aminolevulinate inhibition. Clin. Chim. Acta. 212: 79 - 84. 

w.e. and LlilIUU'I:I, J.R. in acute nn,'nn'>1rlf" 

Muscle Nerve 1: 292 - 296. 

et al. structure of ferrochelatase the terminal 

enzyme in heme nne,\lnln.,,,, Structure 5: 1501 -1510. 

A.F. and .'n~n"ln P.M. Isolation of III from Escherichia coli. 

Biochem. Soc. Trans. 16: 965 - 966. 

In'-'.'''''L P.M. Purification and n .. ",norltio., of nl'"lr'nn,,,inl'"ln."n III 

from an nu."rn,rn recombinant strain of Escherichia coli K-12. Biochem. J. 

264: 397 - 402. 

R. {1 Isolation of the gene HEM4 on"I'"1(1,",., III 

in .",..,.II/r.,,,, cerevisiae. Yeast 11: 419 - 424. 

R.J. Purification and nrnlnAnrlA~ of S-amiolevulinic acid 

from human Aru'rnr,nf""TA~ J. Bioi. Chern. 254: 6924 - 6930. 

R.J. (1 Purification and nrn,"",l"It,,,,,,, of ..,\lrlTn<,..,., from 

human nltt"I'"I,',It"., J. Bioi. Chern. 255: 1993 - 1999. 

R.J. {1 Pnlrnhnhilinl,,.,p,n deaminase: Methods and of the 

An7'\lm,,,,tI(" assay. 28: 146 -157. 

Bel::ktl!I, W.J. and F.W. (1 

salt 

2408. 

contributes 3 - 5 kcalfmol to the free energy of 

A.E. and 

nnrnmlnn nl'lltlhw~IV Am. Chern. Soc. 

P.G. and 

Ri",,,,..tne,,,i,, of heme and "h ""1"1'"1 '"In,,1 

F.D. 

Ser. 559: 18 - 33. 

New 

induced denaturation of nrnrAIn'~' a 

T 4 "",,,,7\1",<> Biochem. 29: 2403 -

chemicals that act the 

hi""'\I •• the.",i", in animals. In: 

pp. 163 - 200. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

132 

• lamoriL J. and 

manifestations of nn,·nn,jfl.::t "!>flon!>'o A of 3 families of Italian in Marseilles area. Rev. Neurol. 

148: 532 - 540. 

The domain structure of the molecular 

rlonlt'lo.,,,,1 o1thoo'_"""" herbicides. Proc. Nat!. Acad. Sci. U.S.A. 95: 10553 - 10555. 

M. and J.-M. (1 of recombinant 

oxidase: Effect of rI'l",non,,1 etMler-tv[;le herbicides and rlinl'lo.",I.>noinrlnni Biochem. 37: 12818 -12828. 

J-M. stabilizes a 

conformation of nm,'nr,nf,nn"f' OXUJas'e, the molecular of diphenyl herbicides. Proc. 

Natl. Acad. Sci. USA 96: 14825 -14830. 

K.H. and of acute intermittent mutations and 

rnhio::rrlO:: in the human rnv"m"'Tn",nll.::tf'O "",rnm:; .. ;,,' gene. Hum. Mutat. 4: 243 - 252. 

gene to chromosome 

::Io::!~inl1m,1'!nt of the human 

Hum. Genet. 87: 18 - 22. 

III 

Reconstitution of the I'Inlno"7vm", form of 

Escherichia coli deaminase from 

circular dichroism 

apoenzyme with and 

nor·'rn",,..,,m, Biochem. 36: 9273 - 9282. 

Isolation and characterisation of a mutant 

"''''''''''''",'.''''''0... oxidase gene from 

rhir·irl.,o:: Plant Miol. BioI. 38: 839 - 859. 

;hl<~ml/dc)m(ma!s reinhardtii l'nn,fof,rinn resistance to 

.......... 'L M. and R. Restriction sites show a 

I\lm" .. "h'" .... in human DNA. Cell 36: 131 - 138. 

). Further South African cases of nnrnn,mnr S. Afr. J. Clin. Sci. 2: 117 - 169. 

A.M. del A. c. Purification and 

,..nr'rr" ... nrn""'lrinl'n"'n.::t~:'" Biochem. J. 97: 731 - 740. 

of 

of 

.I.M. and 

herbicides. Plant. 

I-'rr,Yn'''Inrnl'l"mn IX content correlates with of oholtoblea,chirlQ 

90: 1175-1181. 

Identification of two new mutations in """"""nit<>1 

Eur. J. Hum. Genet. 3: 102 -107. 

...... 'cn .. 'L H. and I.!iOllaD4~ra. A. (1 Br. Med. J. 2: 85 - 88 . 

t591'Z911IUS. J.J. (1 Lehrbuch der Dresden. pp.67 

-69. 

.. ..... , ... 'L P. and D. Mechanism of nn'TlI'I,nn,I,n"n'" 

J. BioI. Chem. 255: 2030 2035. 

R.K. and H.K. 1-'1'1,.,.,1'1',"1:::' in Bikaner of .,.i.,.,'th<.... J. Assoc. India 18: 

677. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

O. and M::JlttI"lIA\I\I!'l 

207. 

C.R. Barriers in reactions. Adv. Protein. Chem. 53: 153 -

N.B. and vd:I:iIUd. Prrltnr'nrrl"\lnn''\n~.n oxidase: 

site in mouse liver mitochondria. Chem. Res. Toxicol. 9: 

1135 1139. 

vc:a:I:iIU,i:II, J.E. Human nrn,tnrlnr,",,,ron,.,n"'n oxidase: Relation between 

the herbicide site and the flavin cofactor. Biochem. 37: 6905 - 6910. 

J.Y. Inherited rlAl'i~ij~n("" of o-aminolevulinic acid rlAt,,,rlr<lt""'A Am. 

J. Hum. Genet. 31: 662 - 668. 

D.F. Two different genes encode delta-aminolevulinate in humans: nucleotide 

sequences of cDNAs for the and genes. Nucleic Acid Res. 18: 7187 - 7188. 

R.J. (1 

28: 94 -108. 

Fluorimetric assay for delta-

aminolevulinic acid """>Tn""", 

Genetic 

erythr<)POieSiIS. Nucleic Acid Res. 24: 2511 - 2518. 

at al. 

of o-aminolevulinic 11",1",I1.",t"",,,, 

between the 

and the genes on human chromosome 14. Hum. Genet. 79: 289 - 290. 

In: Diseases of the and E.R. 

ac~:wooa. M.E. at al. (1 Alternative modes of substrate 

distortion in enzyme and ",n1,;",..I1" ",,,,,<>,"'7"'1'1 ferrochelation reactions. Biochem. 37: 779 782. 

at al. Resonance of ferrochelatase reveal 

distortion upon metal 

J.R. and 

220-232. 

JAm Chem Soc 119: 12170 - 12174. 

A radiochemical method for heme <",.>Tn,,,,,,,, 28: 

J.R. and 

W.B. 

Metabolism. In: The Liver: l'Ii",I""", and Patho,biCIIO(IV 

D. Schachter and D.A. ;o..n:nnll7 

pp. 451 - 466; 

P.S. at al. Inheritance in nrl'1ltnr,n of 

haem in skin fibroblasts with clinical features. Lancet II: 226 - 228. 

Reduction of nnr'nmlnn excretion in nnr'nmlfl:::! "::IriAn:::!t:::! nfnnr~mnlnl' A 

case S. Afr. Med. J. 50: 898 - 899. 

J.M. at al. ). Aminolevulinic acid in pea sativum 

Identification of an unusual ""<>,.", ........ " 

17066. 

domain in the enzyme. J. Bioi. Chem. 266: 17060 -

Y. at Purification and of mouse liver 

oxidase. Eur. J. Biochem. 181: 412 - 421. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

134 

P .5 .. et Heme in human 

Demonstration the defect in liver and cultured skin fibroblasts. J Clin Invest. 56: 1139 -

1148. 

et al. ......... ·nn',,."" cutanea and 

HFE gene mutations in North America. Hej,at()/o~1Y27: 1661 -1669. 

U.A. Die akuten helJatl!SCllen n"'·nn',;r.~m und ihre 

Sindrome. "h.,.,,,,,,,,,, Med. Wschrf 126: 3 - 14. 

.rotif'",'",n of 5-aminolaevulinate ""runo." .. from 

liver mitochondria of chick 

et al. (1 

Eur. J. Biochem. -620. 

nucleotide sequence of 5-

aminolaevulinate ",vrum.",,,, precursor. 

the 

Molecular defects of 5-aminolevulinate 

in X-linked sideroblastic anaemia. J. 27: 161 - 168. 

New 

D. A.and 

J.e. et al. of mutations in the 

",vrlt!"",,,,,,,, gene in Hum. Genet. 88: 320 - 324. 

'-'ntit"'til~n of of 

Anal. Biochem. 72: 248 - 254. 

J. (199~). In: Introduction 

pp. 141 -159. 

F. (1991). of 

structure. Branden and J. Tooze, 

ferrochelatase. Proc Natl. Acad. Sci. USA 88: 849 -

..... ".nn ..... D~A~ and .I.R. The <>n7'"m",,,(' defect in V::Ir'len::lte nnfnt",,; J. Med. 302: 

765-769. 

t-r::l'!':IA,r F. et al. A molecular defect in human Am. J. 

Hum. Genet. 50: 1203 - 1210. 

et al. (1 Site-directed 

characterisation of human ferrochelatase: identification of residues 

Biochem. 35: 16222 -16229. 

G. et al. 

229 - 241. 

cluster. 

Quart. J. Med. 46: 

et al. Radiochemical assay for delta-aminolevulinic acid 

.,,,n.n,,,,,.::. r'lfv",,, 28: 109 119. 

B.M. (1 l-'elrSneCllve of 

Structure and John & New York. 

J.A. (1 The mode of a 1"""7''''''''''_ 

inhibitor ,..n.,nnl~>v OlopDly,me,rs 25: 1767 - 1802 

L. and 

92 94. 

U. ). Kinetics of metal chelatase from rat liver mitochondria. FEBS 

Lett. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

.".;;" .,.' 

135 

T.A. at al. Human ferlrochellatclse: crvstallizlatio 

the cluster and n",l'",rrnin::;;tirm ''''"m"I1""o' Biochem 

characterization of 

Acta 1435 : 

191 197. 

at al. (1 Localization of the human 

oxidase gene to chromosome band 2. Hum. Genet. 94: 557 - 559. 

r~, .. ft"" R.J. and Rinnin,ntl"l,n C. Dr ... ·"h','.'.,. cutanea tarda: a case Br. Med. J. 2: 1131 - 1134. 

Purification of ferrochelatase from the 

cerevisiae. Evidence for a precursor form of the J. BioI. Chem. 263: 11675 - 11682. 

J-M. and P. and characterisation of the Heme 14 gene for 

oxilclase. the molecular of /"l,nl''''"\l1 ether herbicides. J. BioI. Chem. 271: 

9120 - 9128. 

N.G. and R.D. Kinetic studies of human liver ferrochelatase. Role 

of ",n,1"",,,,,,,,..., metals. J. Bioi. Chem. 259: 5678 - 5682. 

N.G. and L .. V',..,.. R.D. Kinetic 

liver mitochondrial n,,,.t,,.,,, ... ,h"'rln, ... ,, 

of the membrane-bound human 

oxidase. Arch. Biochem . ... " .. nm"", 242: 206 - 212. 

Purification and ""I'>no,ri'"." of 

oxidase from the sa,r.ctlar''lmVCE~,c;: cerevisiae. Eur. J. Biochem. 156: 579 - 587. 

at at ). Kinetic studies on n.",tnr,,,,,,h""'n,,,,,.,n oxidase 

inhibition /"l,nln",",,' ether herbicides. Biochem. J. 277: 17 - 21. 

at al. (1 Purifiaction and n'l'.nori'e." of n.",t"""""h,/r' 

oxidase from the cerevisiae. The mitochondrial location and evidence for a precursor 

form of the J. Bioi. Chem. 269: 32085 - 32091. 

at al. (1 Characteristics of ".r.tn"n ..... h',";n,"".'n oxidasl~. In: 

368. 

J.B. and 

intermittent nn,'nn,,,,,,, 

R.S. 

of 

On the nature of 

28: 320 - 327. 

pp. 245 - 277. 

J. Mol. Bioi. 132: 343 -

nerve lesions associated with acute 

Arch. Biochem. """nm.I'" 76: 214. 

D.J. and K. In: The l-IIi"",,.,th",,i,, of Ciba Foundation 

Chichester. 

M.R. delta-aminolevulinic acid r1",I",r1,<:>t""", is 

essential for l':VlTlhiinl':,il': with l':mJh$"::;;" and contains a m"'!T::II··nm,ml"/"l domain. J. Bacteriol. 175: 7222 -

7227. 

K.H. and Acute intermittent identification and ",y,,,,,,:,",,,,.,, of 

exonic mutations in the h",'!,,,,,,,,,...,,,"h,,'II,iI,,,,,,,, """un""", gene. An initiation codon missense mutation in the 

causes "variant acute intermittent with normal of the 

ervthf()id··SDE~cific enzyme. J. Clin. Invest. 94: 1927 -1937. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

136 

M.P. at al. 

aminolevulinic acid and 

Characterization of a recombinant pea 5-

in inhibition studies with the Escherichia coli 

Biochem. 5: 1148 - 1156. 

at al. (1 ::"",,,,.,,,,ti ... ,,, of resistance to the 

of the Bacillus subtilis ........ t,.", ... ",,,.""''''n...,'''" oxidase gene in +.,.., ... "'"", .. ,." tobacco 

Blosci. Biotechnol. Biochem. 62: 

at al. 

deaminase gene results in tlssiue-soeClnc or in 

Acad. Sci. USA 85: 6 -10. 

""' ... ·.i"lli .... " and ..... Ii,..i •• ..., the human 

Proc. Natl. 

R. and C. (1 cutanea tarda and Itll.l'C:lLII.I:; C virus: a case-

control of the literature. J. Am. Acad. Dermatol. 41: 31 - 36. 

et al. An unusual case of with 

norn02:VO()US inheritance. Aust. N. Z. J. Med. 20: 587 - 589. 

A.l. and Goldberg 

Genet. 32: 195 - 208. 

A. A of faecal ... ,."·nh"m,, levels in a Ann. Hum. 

et al. Current n.".tn",·nl", in vol1,John 

and sons, New York. 

et al. Human " .. "Tn ....... " 5-aminolevulinate Gene 

structure and SPI3ciI3S-SPE~cific differences in alternative RNA J. BioI. Chem. 267: 18753 - 18758 

and H.A. ). IlIlUIUUltl mechanisms for the of haem 

cell differentiation. Possible role for ",."" ... "",.,."h"., oxidase. Biochem. J. 

275: 321 - 326. 

A. at al. ,,., ... ,.,,,,,,",,,,"<> induced 5-aminolevulinic acid in Ahrd 

SWR mice. Biochem. Pharmacol. 52: 1407 -1413. 

GOOk~;on. G.H. and mi'l'lIntnn C Biochem. J. 57: 476 - 484. 

raVIfAzak. M. (1 The mutational of nl'!l;A-11alr substitutions 

human disease: Patterns and Hum Genet 85: 55 - 74. 

E. and ). ,,,,tt,,,<:.th ... ,I ... ,,,,, of the skin in and 

nt'llrnn"/r'" cutanea tarda Br. J. Dermatol. 85: 531 - 539. 

P.N. and R.E. (1991). Purification of human " .. "lfh .. " .... "lfo ",., .... ,'"',.,1'\.1 

deaminase. S. Afr. Med. J. 80: 294 296. 

et al. Inhibition of mammalian oxidase 

acifluorfen. Biochem. Mol. BioI. Intemat. 34: 1283 -1289. 

et al. Purification of and kinetic studies on a cloned 

oxidase from aerobic bacterium Bacillus subtilis. Arch. Biochem. 358: 251 -

256. 

in the 

Mutat. 12: 403 - 407. 

et al. (1 Identification and characterisation of a deletion 

oxidase gene in a South African Hum. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

R. ). U;ontit, ... <:>IIi,.,n first v::Irion::lto nnr'nn'Jrol> mutation in 

an black South African and further evidence for Mol. 

Genet. Metab. 73: 91 - 96. 

ClU',.",. J.L. at al. i"nlmolnt of human ",ru'mrrun delta-aminolevulinate 

,hr.,,,i,,n of band PCR of somatic cell 

autosome translocations. Genomics 13: 211 212. 

Excited state interactions of nrl1.tnr,nnnh,/fl IX and related nn,'nn',m"", 

assemblies. In: 1J",'n""ri 

New York. 

Photosensitization. Kessel 

at al. (1 I-n.rt",nili 5-aminolevulinate """ITn".,.., is located on 

the X chromosome. Am J Hum Genet 46: 107 - 111. 

). Human 5-aminolevulinate 

and identification of an n"n,,,,,,/o element in the mRNA. EMBO J, 10: 1891 -1902. 

X-linked n""Ii",,,,I"'I<,_,,.,,,,n,,,,,,,,,,., sideroblastic anemia 

due to a Thr388-to-Ser sUbstitution in .,n'"Tn.,."" 5-aminolevulinate "VI"";""" N. J. Med. 330: 675 

679. 

Semin. Liv. Dis. 18: 85 - 93. 

at al. Site-directed 

of human ferrochelatase: identification of residues ,..n_."'iiil',,~ti,.,.n 

Biochem. 35: 16222 - 16229. 

at al. 

f1uorometric CUn. Chim. Acta. 238: 163 - 168. 

and spe'Circ)scc)pic 

cluster. 

value of 

Purification and of membrane-bound ferrochelatase from 

J. Bioi. Chem. 257: 14714 - 14718. 

H.A. (1 Conversion of r.t'llun Inn r'nh'Jri nrn.tnl1,olTlo in 

enzymes. In: l'Ii.",,,nt" . .,,.,.ii.,. 

161. 

H. (1 Ferrochelatase. In: Mechanism of metaliocenter 

New York: VCH pp 77 - 89. 

Terminal three 

pp. 123-

L.G. R.P. 

J.E. Bovine ferrochelatase. Kinetic of inhibition N-

manganese, and heme. J. Bioi. Chem. 258: 11453 - 11459. 

H.A. and Purification and characterisation of murine nrl'1'tnrl" .... 'I'I"·rin'nn.'n oxidase. 

Biochem. 26: 2697 - 2701. 

T.A. and H.A. Human oxidase: I::XIJre:SSlcm rlfI .... "'flr.n and 

characterization of the cloned enzyme. Prot. 5: 98 -105. 

and H.A. oxidase of xanthus. 

rrito"''''',,,n and characterisation of the cloned enzyme. J. BioI. Chem. 271: 8714 - 8718. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

138 

T.A.and H.A. (1 and characterization of mammalian 

oxidase. Methods I"'n7"""'" 281: 340 -

T.A. (1 Characteristics of human nrnJnn.nrrlhvrinlln oxidase in controls and 

Cell. Mol. Bioi. 43: 67-

H.A. (1 Identification of an FAD 

oXI,aa~;es. monoamine UXIUi:llse:s nn\IrnFmA desaturase. J. Bioi. Chem. 273: 13658 - 13662. 

V.M. and Mammalian ferrochelatase. and 

characterization of normal and two human "'''''''''','''1' ferrochelatases. J. Bioi. Chem. 269: 390 - 395. 

M.G. and 

Biochem. 33: 403- 407. 

Human ferrochelatase is an iron-sulfur 

and 

J. Bioi. Chem. 269: 813 - 815. 

H.A. (1 FYr'rAl~~irm of a cloned oxidase. 

and .,yr ... : .. ,,,,, .... ,, of mouse 

rnl"l,vrilnnl1An oxidase. Arch. Biochem. 324: 379 - 384. 

at the millennium: structures, mechanisms 

and ....... _-', .... , clusters. Cell. Mol. Life Sci. 57: 1909 - 1926. 

R.C. and A. (1 formed from and amines 

"tvr,th.>t",e,., of Rh,odc)psleUClfofT,iOniElsco,nheo.,.niorf"",co Biochem. J. 133: 471 - 492. 

Semin. Dermatol. 5: 138 - 154. 

L. (1 ...,nlrnnvro,,<o in renal t.<I"",,,1<> ,,,,,,nnlTln 30: 22 - 279 

and D. (1 Coexistent v",r"An",tA nnrnmJr,,,, and ... n.,,,",,,, cutanea tarda. 

N. J. Med. 307: 36 -41. 

S.O. (1 Overview of nnrnh\Irinlnn<m oxid;aSEI-inl,ihi:tinn herbicides. In: The 

1997 Corlfen;lnC!;l-Weedls. pp. 83 - 92. 

S.O. (1 

mode of action and mechanism of resistance. In: Herbicide hin,('h,,,midrv and 

molecular J.D. and R. J. I.O.S. Press pp. 11 -

35. 

F.E. and 

of 

Herbicides. In: Herbicides. United States 

Research :-;Alrvrr'.,"t USA. 

De 5-aminolaevulinate Isolation and Biochim. 

Mlnnn.,.: Acta 139: 479 - 486. 

De Recombinant maize IX oxidase 

in Escherichia coli forms with GroEL and DnaK Protein expr. Purif. 20: 

81 - 86. 

De De et al. (1 and distribution of mutations in the 

gene of nnl'n"n",i deaminase in Dutch acute intermittent Scand. J. Clin. Lab. 

Med. 55: 24A. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

De 

De 

De 

De 

De 

De 

De 

Deet al. n~,u\rrlrnl!nn,nrn,h\"ri",'n".n oxidase mutations 

nn,·n",,,.i::l n::ll,,,,,,'., and the R59W mutation in historical """·,,",o,..,i,,.o Acta. Haemato/. in Dutch 

98: 1:103. 

et al. (1 Identification of nine new mutations and a common 

mutation in the «,,<nn, • .,<> gene in with acute intermittent Am. J. 

Hum. Genet. 59: A256. 

G. and Nordmann. Y. Familial and two different 

diseases. Hum. Genet. 44: 145 - 151. 

S. and 

from human 

n.d'~"'d<:>. A. (1 Purification and ",..,,, ... "' .... ,,., of 

- a enzyme the 

I and III. J. BioI. Chem. 258: 2454 - 2460. 

et al (1 a",.inr ... "..,,,nt of the gene for 

de,carbo:l(yliase to human chromosome 1 

Hum. Genet. 66: 202 - 205. 

enzyme 

177. 

et a!. (1 

,nnlnn,l" characterization of the 

B. et al. (1 

ruunmn .... with o-aminolevulinate 

"_,.."'t~,I\Jf,'1" enzyme. Hum. Genet. 69: 174 

Coexistence of two 

gene in one case of ,..,.... ... "".nol"" elrytrlrOI)Ou~tlc "nrnn,/1"1 

mutations in the 

Blood 74: 105A. 

De " .. ,-n .. ,,,. and functional 

eX[Jrel,SICln of a cDNA ",nt'n,,"nn human rn"rnnn,·nh".i.,nn,,,," oxidase. Proc. Natl. Acad. Sci. USA 91: 3024 

B. 

- 3028. 

G. (1 Br. Med. J. 2: 1291 -1294. 

G. (1971). The l-'"ronn"'rI::I"" A of Inheritance and 2d Pitman Memcal London. 

G.and H.D. The inheritance of Br. Med. J. 2: 89. 

G. and H.D. (1 I-'nlTln''''I::I in Sweden and South Africa. S. Afr. Med. J. 33: 246 - 253. 

"''''''''''''-1( l. and cutanea tarda-a disease? A biochemical 

and fluorescence mi(:rol;copical in four families. Acta. Med. Scand. 194: 265 - 270. 

""nn.IT"".. for structure "r",I'1,,,,';;nn based on class 

1: 289 - 294. 

MaltthEtwSi-Rclth. M. et al. (1 10 years 

",yr,,,,n,,,n(~,,, Am. J. Med. 60: 8 - 22. 

P. and 

"rn'::Inii"'::I!,inn and rI""'l"rintirln of a mutation 

et al. 

Sem. Uv. Dis. 18: 77 - 84. 

herbicidal Prentice 

B. oxidase: gene 

Hum. Mol. Genet. 3: 1325 -1330. 

n<>"""'TII'", of .... no ... "".n .. "" elMrlrolJOl1911C 

and herbicidal action. In: 

pp. 177 -189. 

of 



Univ
ers

ity
 of

 C
ap

e T
ow

n

de and N ...... ..t ......... ... (1 ). The in ... 'o.it.~" defect in ... ",· ... n""i" 

Hum. Genet. 58: 425 - 428. 

Oa The mitochondrial location of ... r,..t"I',,,ro,, ... ,,,.;n,,,,.,,, ... 

oxidase. Eur. J. Biochem. 149: 431 - 435. 

animal 

"""\th,,.,o gene in 

et al. (1 

model. Presse. Med. 16: 68 - 71. 

risk of 

Point mutations in the III 

Blood. 75: 1763 -1765. 

et al. Mutations in the n.r,t"'~I'\.nh,m oxidase gene in 

"""",'n", with v""',.,.",,,to Hum. Mol. Genet. 5: 407 - 410. 

T . of HEM6 in 

r"'ir"'VI.<:I~'O the gene for • nh·".innn£.n rlll'!r.::Irhnxvl~I!':P.. Yeast 9: 613 623. 

Dinner, via t,o,o_",no",\1 surfaces from 

Trends Biochem. Sci. 25: 331 - 339, 

I-'n,rnnvrIl1<: 7 volumes; Academic New York. 

M. (1 and r1iff.oronti",lni<l,,.,n,,,.,,,,, der akuten he[)atisctlen Much: Med. Wschr. 

121: 1531 -1535. 

M.O. (1 New form of dual nnrnmm<:> coexistent acute intermittent ~" .... n, .. ; and n,,"'nh,,";.., cutanea 

tarda. Eur. J. GUn. Invest. 19: 20 - 25. 

M.O. and 

Williams and 

S. (1 The In: 

pp. 535 - 553. 

at al. 

... hr ..... t,.. ... ' medicine. R.C . 

and porphyrins and 

precursors in liver cirrhosis. Klin. Wochenschr. 50: 1025 - 1032. 

Doss. et al. New of with 

""" ...... , .. ,,, ... defect and intermittent acute clinical manifestations. Klin. Wschrf. 57: 1123 

1127. 

R. et al. A new of acute with 

hOlnm~vaiDus state. Glin. Biochem. 15: 52 - 55. 

J. and "ir.ft~ip 

,..nrnnl.~" of bovine 

iodonium as an inhibitor of the NADPH oxidase 

... hll"lt" ... , n."to,,,,..,, of ............ ","'"","'" iodonium in a cell-

free of oxidase activation. Eur. J. Biochem. 208: 61 - 71. 

human 

Dubart, 

of chicken "' .... 1.. ... ,,, liver delta-aminolevulinate 

Biochem . ... ,,, ........ ,<' Res. Gommun. 162: 102-1 

et al. ...."'r ...... " ... .., cutanea tarda associated with 

,..,,,,noti,.;o..,,-,, virus infection. Eur. J. Dermatol. 8: 492 - 496. 

et al. .o..,.,innrn<>nt of human 

to the band of chromosome1. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

S.O. and 

Pesticides: 

C.A. (1 

American Chemical 

and Pharmaceutical 

pp. 1 - 16. 

J. and R.N. (1 Oxadiazon is similar to that of n-nitrn-rlil"lhl'.nvl ether 

herbicides. Weed Science 37: 152 -160. 

Sherman et al. (1 The role of orclto[)O IX in the mechanism of 

action of 111n'!'!","v' ether herbicides. Pestlc. Sci. 30: 367 - 378. 

H. et al. 

Chem. Soc. Ser. 449: 371 - 386. 

et AI. 

Science 39: 465 - 473. 

Ll.B. et al. 

in the nnr·nmJr ..... n::liTlnW~~V Am. Chem Soc. Ser. 559: 191 204. 

as herbicideS. Am. 

herbicides. Weed 

oxidase as herbicide 

et al. (1 Mechanisms of resistance to nrl'1,tnrlnrrlnVlrlnr",,'. oxidase­

and L. Garcia-

chromatid 

herbicides. In Weed and 

Kluwer Academic 

Contam. Toxicol. 41: 241 - 246. 

I. 

Resistance to Herbicides De J. 

Amsterdam. 

). Conrelation between lead exposure indicators and sister 

in h/lT, .... n,,,,,,,,,,,,,,, from lead workers. Environ. 

Delta-aminolevulinic acid 

and kinetic Arch. Biochem. 216: 196 - 203. 

l. (1 Cutaneous Observations on 111 cases in 3 racial groups. S. Afr. J. Lab. Clin. 

Med. 6: 63 - 86. 

L. (1 "",,,·nh1,Jr'<> as seen in Town. A survey of 250 .... <>ti","·I", and some recent studies. S. Afr. 

J. Lab. Clin. Med. 9: 151 - 162. 

G.H. The clinical and biochemical features of V<>,'j"'I'I<>t", 

studied at Groote Schuur Town. Int. J. Biochem. 12: 

837 - 853. 

M. et al. Nucleotide sequence of the hemB gene of 

Escherichia coli K12. Mol. Gen. Genet. 214: 503 - 508. 

R.and 

G.H. (1 

(1 

G.H. 

G.H. and 

J. Am. Chem Soc. 112: 9161 - 9175. 

.... ,...·nn',.," An overview. Semin. Liv. Dis. 2: 87 - 99. 

Heloatlc n,,,rnnVrl::li in children. J. Inher. Metab. Dis. 20: 237 - 246. 

.... n'·nn"m:::o cutanea tarda. Semin. Liv. Dis. 18: 67 - 75. 

J.O. Evidence that the oxidase 

situated in the intermembrane space of mitochondria. Biochem. J. 172: 345 - 347. 

of rat liver is 



Univ
ers

ity
 of

 C
ap

e T
ow

n

142 

G.H. and J.O. A .",rllinr'h""mir'",1 the "o,~olntmrn"~I~nrnn'Jr,nnnl~n 

oxidase and the utilization of substrate other than COI)roIPorph~,rinogl~n 

Biochem. J. 169: 205 - 214. 

the enzyme from rat liver. 

G.H. and P.C. Measurement of 'rn ....... rlnh~frin,n ... u.n n,"'r:::iIrhn'l{VI:::t~A 

chemical reduction. I"",,,,n-.o 28: 186 195. 

G.H. and A.G. J. ~il"1,,,,n,"'rn Biomembr. 27: 207 -

214. 

N. enzyme defect in 

Lancet2: 1217 1219. 

J.A. and D.M. Purification of from 

human O"'Tn .. ,..,.."',,,,,, Biochem. J. 215: 45 - 55. 

R.J. and Meisslner The Lancet 349: 1613 -1617. 

A.G. and De R.E. (1 Genetics and n::iltlhnn,An~!~i~ of human 

.... ,", ... norn 22: 163 - 168. 

et al. 

aldolase. Nat Stroct Bioi 12: 1025 - 1031. 

structure of 5-aminolaevulinate a 

CI)'stc:lllizati<)n of 5-aminolaevulinic acid 

from Est::hel'ich,fa coli and S8('X;haro,mvces cerev/siae. Sci. 6: 1774 -1776. 

et al. ). The x-ray structure of 5-aminolaevulinic acid 

hurll.",t"""", substrate and three inhibitors. J. Mol. Bioi. 7: 133 -141. 

Rotor's 

C,K, et al. (1981). Faecal nn,',,,,,,mn abnormalities in a 

Gastroenterol. 81: 1125 - 1130. 

with features of 

E.J. and A micromethod for nAI'Arl1n1n,::I1' of FMN and FAD in mixtures. 

Anal. Biochem. 53: 332 336. 

Pn,'nh'vrit'lL>O: and metall'opI)fIJ,flyrins, t:::1::::it;VI'tll New York. 

E.I.B. and 

interconversion of nn,'nn"mr,., 

New York. 

R.K. 

Pm'l"lhllhiliinnl1An as a 

Nature 172: 292. 

). Haematin 2 

precursor, and 

Genetic hemochromatosis in Italian with 

nnr'nnlJn!:l! cutanea tarda: PO!l~Slblle A:llnlJ:lnAI:inn for iron overload. J, Hl>iI'U:IflI''11 24: 564 569. 

Atlas of Macromolecular Structure on Macroflcfi!e Inc., ROIc:kville. MD. 

Cln)Ullllfn. N. Purification and nrnn",r!Ho", 

cerevisiae. Yeast Irn'"lnrlnhl/rinnn,)n ri'~I"·!:l!mnYVI'2>O:O 

G.C. and H.A. (1 Mouse oxidase. Kinetic and 

demonstration of inhibition 



Univ
ers

ity
 of

 C
ap

e T
ow

n

G.C. and H.A. (1 in Esch'erichia 

coiL ,nt,,..,,,ti,.,,., and characterization. J. Bioi. Chern. 268: 584 - 590. 

J. (1 5-Aminolevulinate ,,,,.\Tn,,.,,,, and the first of heme n'n",,."n,~,, J. 
#-<'1"1,0",0"'" Biomembr. 27:151 -159. 

a Schiff base 

aminolevulinate 

H.A. hin"""".h"",i" in mammalian ,,,,,,1'<> ..... ,,,. evidence of 

between the 5·-orlosnn:~tp. cofactor and a residue in 5-

Protein. Sci. 2: 1959 -1965. 

m<::",w,n of the terminal ",n,,,,n,,,,,,, of the heme 

n'n'm ... n< ...... n",l!h .. "",,, Orientation of nr.."tnr,nl"1nt"l\1rI oxidase and evidence for a membrane 

J. BioI. Chern. 263: 3835 - 3839. 

313 is not essential for 

nh'-'''I"1.'"'""I", cofactor but is essential for "'::11'::11\;'"1,, Protein Sci. 4: 100 1 - 1006. 

Elt al. (1 Aminolevulinate "vr>th<,.,,,, 

I. IJIIY<>'V'. Chern. 95: 34 - 60. 

am frischen Ham und Kot von """'nn'lInnn",t;",,,",,,n z . 
• 11" ..... UI, Chern. 97: 148 - 170 . 

... ''''r:n~'L H. and 7",rw"'t~k W. (1 Uber den Harnfarbstoff bei normalen und n::ll:nnln,.. Verhaltnissen 

und seine lichtschutzende H",lilr",,,,,,, zur Kenntnis der ",,,,·nn'.mn 

Z. Chern. 137: 176 - 241. 

K.F. and nerve condition in n",t;",,,t,, with acute 

intermittent ,., .... '"tn'.i J. Neuro/. 214: 267 - 279. 

W. at at. Internal of the BCS1 a novel 

mechanism of into mitochondria. EMBO. J. 15: 479 - 487. 

R.D. for o",tnr, ....... "t", 

with mh,nh;linn''''I''n as substrate. Clin. Chern. 26: 1182 - 1185. 

A.M. (1 Genetic research "t .. <>to";"'''' a review of the acute n .... '·,.,n'" ... <.''' 

identification of three novel missense 

mutations in the oxidase gene. Acta Haematol: 98: 1),96. 

oxidase gene underlies v<lOril"n<lOt", nnrnn\/n 

Recurrent missense mutation in the n ..... ,tn ... n"'n".in."n".n 

Am. J. Med. Genet. 79: 22 - 26. 

the 

Identification of a nonsense mutation in 

..... t"n..,' .. nl"' .. 'n ..... ''''n oxidase gene. J. Invest. Dermato/. 110: 449 - 451. 

Elt al. Molecular basis of """·j",..",t,, nn"nh"r,,'" a missense mutation in 

the nr~'tf'lrlf'lrl1'"'\;'rin'''nF!n oxidase gene. J. Med. Genet. 35: 244 - 247. 

on both alleles of 

110: 452 - 455. 

Identification of mutations 

J. Invest. Dermato/. oxidase gene in a ",,,,,,,,, .. ,,,1,, affected n ..... n"' ... 11 



Univ
ers

ity
 of

 C
ap

e T
ow

n

" ..... "h.,,,;"· a missense mutation in the 

of ·Scarsdale Gourmet Dier 

nnrnt"".,n,nn<>n oxidase gene. Arch. Dermato/. Res. 

290: 441 - 445. 

the rnfl,nn,rnr.vronn,,."n oxidase gene underlie 

Mutation in the translation initiation codon of 

Clin. expo Dermato/. 24: 296 - 301. 

oxidase gene in 13 families with 

of novel mutations in the "r",tn."'""!",,,.' 

n ..... ·nh'j"'" J. Invest. Dermato/. 116: 821 - 823. 

oxidase gene in 

BioI. 289: 591 - 602. 

Identification of a founder mutation in the 

n",rIPnr", from Chile. Hum. Hered. 151: 160 - 168. 

structure of a 

the hemB gene of Pseudomonas 

rn:;.o'ClIlITln and functional characterization of 

m""nn."", rn,_n,pne.nn",nT 5-aminolevulinic 

acid Mol. Gen. Genet. 257: 485 - 489. 

and R. ). nCP,,,,",wln and characterization of six mutations 

in the 

328. 

hVrl,nn".,n oxidase gene among Finnish n",ti.,n'l" Mol. Med. 7: 320 -

H.R. and E.R. Acifluorfen metabolism in ether 

and the formation of and Pestic. Biochem 

- 310. 

M. (1 Arch. Dermatol. 110: 653. 

I., R. et al. A of a kindred in 

the United States of America. Am. J. Med. Sci. 65: 80 - 88 . 

• I.M. and M Characterization of a Br;;,dvlrhi2'ob,;um laD'OOJ'CUI ferrochelatase mutant 

and isolation of the hemH gene. J. Bacteriol. 174: 4223 - 4229. 

R.B. and FAlrlstAi on nn,'n""h' deaminase and III 

r.n~~vnth",,,,,, from human oC>/·thr'" .... ''rto''' Biochim ..... 'n.nm'" Acta. 350: 358 - 373. 

et al. (1 defect in a child with horoni'l", 

due to nOlmOZVClOUIS delta-aminolevulinic acid rI.,I'Vlir",t,: .. ,,,, nolA,..;" ... ,..,,· immunochemical studies. 

Pediatrics. 80: 880 - 885. 

et al. (1 differentiation. Distinctive responses 

of the Ic-s:oe(;lTIc and the delta-aminolevulinate "vr.th,,., mRNA. J BioI Chem 266: 

17494 -17502. 

Characterization and of cDNA 

C0!1rnlnnrnh'vrirlnn'l'!n oxidase from a Hum. Mol. Genet. 3: 1807-

1810. 

et al. revision of a 

IAOnn!o:tir. error. Br. J. Med 124:211. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

mutation in the of al. ' (1 

rnn,nrr,hvr.n,"'1<,n deC<~rbox\'lal>e associated with familial n"rnh,,,; cutanea tarda. Blood 73: 892 -'895. 

et al. (1 

cerevisiae. HEM12 gene sequence and evidence for two conserved 

Eur. J. Biochem. 205: 1011 - 1016. 

et al. 

from 

essential for 

cutanea tarda. '';R,<:trn~'nt''''rnlt ... n'' 1 05: 165 - 169. 

of i-l ..... "homj"tr"\1 Harcourt ColleC:le New 

pp 113 -152. 

S.J. and S.A. (1 The effects of 

on mitochondrial reaction. of 

to mitochondria to the extent of inhibition of oxygen Biochem. J. 158: 307 - 315. 

A.W. and ...... 'cn ... 's M. structural on Its 

role in the mechanism. J. Mol. Bioi. 171: 489 - 559. 

Fluorescence and 

>-",,,un"" 66: 360 - 373. 

characteristics of reduced flavins and Methods 

P.M. (1 Identification of at the active site of human 5-aminolevulinate 

Biochem. J. 236: 447 451. 

P.M. Purification and nr,..nort": .. ,, of 5-aminolaevulinate 

from human on/Tnr/V'\lrO Biochem. J. 230: 25 - 34. 

J.B. and A. 

510. 

W.G. and NAlllh.IUtllAr, 

formation of 5-ALA 

71 -76. 

of acute n".· .... k','.;.,. J. Pathol. Bact. LXXI: 495 -

in the hj""\lr.th~."j" of .... "'·nh'\lnr'" II. The 

n",,,ti,..le',,, from chicken "'rvrnrl~,..vr"'''' Biochem. J. 70: 

A.W. and 

membranes: 

M.R. 

Photosensitization. 

action of 

Kessel and T.J. 

resealed 

pp. 213 - 225. 

3517. 

et al. (1 

Br. J. Dermatol. 134: 880 - 885. 

r:"",rtw'rinlht G.E. et 

fthr,n"'\J'f"'''' Blood 11: 821 - 833. 

Ferrochelatase activities in "!>tiont,,, with 

Studies on the hj""'\lr.th~,"i", of haem in vitro 

G.A. and 1-11'1"1'11'1'""" G.C. in aminolevulinate affects enzyme 

the function of the nv,',nn,"!>' .... ·_' ... h,.""nn"'II'" cofactor. Biochem. 37: 3509 -

et al. The of dominant on,,fhrn,,,,,ol'il' ",.nt .... "r, ...... !'!"."" 
is modulated ",,,n.,,,,,,· •• nn of FECH. Nat. Genet. 30: 27 - 28. 

S. and R.A. are some nrnr""rl'" structures so common? Proc. Natl. 

Acad. Sci. USA. 93: 3341 - 3345. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Y. (1 Decreased 1\I .... ,nl1.n('\l11> III oxidase 

in "'o,'oni.",,,, (,nI"Irnnnrnm Biochem. Res, 

molecular 

Y. (1 

Y. 

COI:>ro,ooroh\!rinIOOEln III oxidase assay. "''':7''"'''' 28: 196 - 205. 

of the heme h'l'\c",.ltn.",,,,, n::>tlhw:::lv' recent advances in 

Semin. Hematol. 25: 303 - 311. 

N. and Y. The mitochondrial localization of 

III oxidase. Biochem. J.176:'97 -102. 

Molecular abnormalities of """""'''''''''1"",.,,.,.''111 

Biomem. 27: 215 - 219. 

et al. 

oxidase in 

of 

deaminase. Two 'en<>n.,.,./M<><, gene. Eur. J. Biochem. 162: 105 - 110. 

intermittent nl'\""h,,.i Proc. Natl. Acad. Sci. 

in a Finnish 

S. (1 

Two [lss~ue"SIJ'eCllriC <::'''1111''''''1'1 mutation in acute 

Molecular :;lin,,,,,,,,,, of acute intermittent n""TlnlJn", 

no ,,,n, " "'.",. Eur. J. Clin. Invest. 19: 415 - 418. 

Formation of 5-aminolaevulinic acid in !'!lVthrr,r.vt!'! J. 

Bioi. Chem. 232: 1101 - 1117. 

s. The induction in vitro of the ''',.,. ... ''~." of delta-aminolaevulinic acid ,",v.un,,,,",,,, in chemical 

",,,'nm,Ir,,, ,A response to certain sex hormones and chemicals. J. Bioi. Chem. 241: 1359-

1375. 

and the control of haem and S. (1971). Delta-aminolaevulinic acid 

In Metabolic """."","u, Academic New pp. 

77-141. 

studies in """'n ... ,,.,,,, Br. Med. BUll. 8: 229. 

GI'~IAn'fiAllri N. and l'"a~;mlllJ'l G.D. curves for the 

evaluation of conformation. Biochem. 8: 4108 - 4116. 

Tvnnrif1lik Lekarski 49: 12 - 13. 

of and n::l~!mrlmn 

metabolism in a case nnr'nnlm 

h-F'ibr':::Ih·jr.:k M.B. 

n::ll'i!'!nt", Am. J. Med. 67: 277. 

....n'rnl1'''('::1 cutanea tarda. Clinical features and 

r;;;.i,nth."r H. (1911). Die Deutshe Arch. Klin. Med. 105: 89 -146. 

in der und .... ::II'nnlnn'''' 

AI/,aelne/n. Pathol. !-I""rhnllnmC>l"h Anat. 20: 608 - 764. 

et al. (1991). Heme 5-aminolevulinate 

""vrnn""",,, mRNA ov."o,,,,,,"'" rI!'!/~r"'~~"'irln mRNA half-life and not its rate of tr::1I1l':r.rintlon 

Arch. Biochem. Mlnnnl/.'" 289: 387 - 392. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

·,-il 
') 'J'~{ \, ,.;_.:~:, ... 

Three Swedish families 

at al. 

,v,,",,,,,,,v,)-'4-i~;oxaz()le(:arl)ox:amlid€~s and their derivatives. J. 

Svrlth~.c:tic:t and herbicidal of :,_~Irul_"'_ 

Food Chem. 43: 219,- 228. 

HallSS0n, M. and Helder'~till,dt_ 

which encodes 

M. and Hedelr!th~dt L. 

nn,'nn,m", in an Indian. Br. J. Dermatol. 92: 347. 

and characterization of the Bacillus subti/is hemEHY gene 

IX n,n<:vr,tr",t,(, enzymes. J. Bacteriol. 174: 8081 - 8093. 

Bacillus subtilis hemY is a n",,"1'11'.", ""1 membrane essential 

for which can oxidize III and nrnfnn,nrnnvr'nn,n",n IX. J. 

Bacteriol. 176: 5962 - 5970. 

Isolated Bacillus subti/is hemY has 

III oxidase Biochim. et Acta. 1340: 97 -104. 

H.A. Orientation of ferrochelatase in bovine liver mitochondria. Biochem. 

24: 366 370. 

V. Two fatal cases of an unusual form of nerve disturbance associated with red 

due to defective tissue oxidation. Br. Med. J. 2: 1169 - 1170. 

loT. at al. (1 Svr,th~.c:tic:t and herbicidal of 

Food Chern. 43: 804 - 808. 

G. J. and R::IttAI'~th\l, A.R. (1 Purification and nr""",."",,, of rnh'vrinnn~.n III from 

Biochem. J. 232: 151 -160. 

at al. of nn,'nh"ri"nr,""n oxidase in 

Soc. Med. 71: 775 - 777. 

Mechanism of IIvl"<:n,,,rnn,,1 acetamide induced increase of 0-

aminolevulinate ""r,th~.t"c,,,, in liver mitochondria. IV. Accumulation of the enzyme in the soluble fraction of 

rat liver. Arch. Biochem. 131: 83 - 91. 

G. (1 Differences in molecular sizes of o-aminolevulinate 

c:tvr'thl~t::l'C::Ac:t in the soluble and mitochondrial fractions of rat liver. J. Biochem. 67: 859 - 861. 

B. and G. (1 Difference in molecular sizes of ALA from the 

soluble and mitochondrial fractions of rat liver. Cell Tissue Res. 232: 257 264. 

liver 5-aminolaevulinate 

""r,.,h,,,;,,, cutanea tarda: a 

and 

hemin of in vivo translocation of chicken 

into mitochondria. Biochem. Hin,n/'II/" Res. Commun. 115: 700 - 706. 

G. Inhibition 

at al. in 

of 40 consecutive """""nT" J. Invest. Dermatol. 93: 332 - 334. 

Jr. ). Information content in the circular dichroism of 

n.nt"" ... " Biochem. 20: 1085 - 1094. 

et al. Four novel mutation in the ferrochelatase gene 

among ",rufnr,,,n(\'Af,(' nlrnft'nr,rnr'vrll~ n:::ITlI"nfc:t J. Invest. Dermatol. 106: 346 - 350. 

R. Acute intermittent n",'"n,,.,,, U""UflGlU. Med. J. 43: 605. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

R.J. and as a· manifestation of alcohol-induced liver 

disease. In: Alcoholic Liver LlI;:)t;:d;:),t;:. Edward pp. 219 - 231. 

et al. (1 

"'VI'1,rI'I'1,m", PO.sfo,rari Med. J. 69: 781 .:... 786. 

an clinical 

et al. in South 1688 - 1996 -

new InnmlP,nt", in an old disease. S. Atr. J. 87: 718 - 727. 

408. 

179: 7181 - 7185. 

-17. 

B. (1 

293. 

HOIODEi-~\'ler F. 

Protein 

). Das 

.. ifi,·"ti...... and n.nno,t,o., of orn,,,,,,..,n\J'nn"IlP 

Interaction between the enzymes. Ann. N Y. Acad. Sci. 244: 401 -

et al. (1 Characterization of Bacillus subtilis hemN. J. Bacterial. 

B.C. et al. (1 An invl9stlQation of nnr'ntn!rl<> cutanea tarda. Q.J. Med. 27: 1 

from the levinthal n!>,·!>".lY to structure n.",rI.rlr.nn J. Mol. BioI. 293: 283 

Med.-Chem. 4: 523-533. 

and metal nni ... nr,inn from Inn:p. .. ltinn of "moon 

shine". Southern Med. J. 76: 1027 -1029. 

Three-dimensional structure of the tnll"ltn,nh<.n 

1IIp.ln7V'mp. rnrnnl.~v from Salmonella J. BioI. Chem. 263: 17857 -

17871. 

et al. (1 A novel mutation in the ferrochelatase gene associated with 

Br. J. Haematol. 94: 191 -197. 

and of the defective genes from a 
with delta-aminolevulinate r!P."Vr!'::IIt:~",,,, ........ n"",., J. Clin.lnvest. 89: 1431-147. 

aminolevulinate 110'''1"11.<>.,3",,, np.Tlr,,,,nI'V in a 

Cammun. 172: 237 - 242. 

of an inherited 0-

Biochem. ",,,,n.,,,,,, Res. 

et al. (1 Conversion of rn'''I.nnn,·nl''l,.m III to 

17: 81 - 87. 

et al. (1 intermediates in the 

Phi/os. Trans. R. Soc. Lond. B. BioI. Sci. 273: 191 - 206. 

JaC:kso,n. SE. (1 How do small inn'".fln.",,,,in n'l'1,t",ir,., fold? Fold. Des, 3: R81 - 91. 

N.J. and fumarate and oxygen as electron for a late in 
microbial heme .",.,th<><,,,, Biochim. B/nohl/' .... Acta 449: 1 - 9. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

149 

"'.n ....... :::., N:J. and "'d .......... :::., J.M. (1981 '.."L/lU..,". a 

in heme and k",,-t<>,rin,""'lr\rnlnt"Jn <",mtl~o",i", Arch. Blochem. t:S/O.Dm'S 211: 305 - 311. 

and .Ja'COIJ5, in heme and 

",v"tI'"",,,,,,,,· Partial characterization of the reaction in ""un"·"'.i.' ....... with 

mammalian and bacterial Arch. Biochem. 229: 312 - 319. 

J.M. and Oxidation of n.",tnr,,~ .. "h, ... jnnr,.on to a in 

t"hl,nrn,nh'"U and haem Purification and characterization of the enzyme from 

from 

Biochem. J. 244: 219 - 224 . 

.... nI."n"mn accumulation and 

Plant t-'n'VSIlJ/. 101: 1181 - 1187. 

J.M. (1 Characteristics of 

,.."n,u",." Res. Commun. 161: 790 -796 . 

.Ji:I\;UUII>, J.M. and De 

isolated 

nrn,tnr,nrr,hv·rin .... nFm oxidase 

oxidation in and 

a "'VI'1,TI'I,,'''''''' Arch. Biochem. 218: 233 - 239. 

N.J. and destruction extracts and 

correlation with tolerance to nm,Tn'lnn"l'I,mnnn,on oxidase 

55: 77 - 83. 

herbicides. Pestlc. Biochem. 

SO"';;!OI~an root mitn ... ~ln 

and bacteria. Arch. Biochem. DIU,",".'''. 280: 369 - 375. 

acifluorfen 

soya bean root 

T.D. at al. (1991). Effect of non"",nv, ether herbicides on oxidation of 

to orclto[)O 

Plant. '11"""UI. 97: 197 - 203. 

in and membrane enriched fractions of 

T. (1 The South African Nat. Genet. 13: 7 - 9. 

The molecular basis of South African established at last. S. Afr. Med. J. 

87: 733 - 735. 

et al. (1 and characterisation of 

in nos. ferrochelatase AJIOQtj802, 

oxidase AJ2251 07, mitochondrial nm,tn'ln.,,,h,,rinnn,,,n IX oxidase 

118: 330. 

cDNAs involved 

IX 

Plant. FIl'!.' ... "" 

M.S. and C.T.G. (1 The structural !:Ini"'!:Il'inn of heme lI::vriTne:.lI::,lI:: in the rat liver 

mitochondria. Biochem. J. 113: 507. 

R.M. and 

from Rhodobacter 

• J<n.~ ...... P.M. (1 

P.M. 

McGraw Hill 

P.M. Purification and n.nnort,,,,,,, of the 

Ih",prr,irie:·.<: Biochem. J. 293: 703 - 712. 

III ... n.,vnth!:'l"'''''· A direct assay method. 1" ... ·7""·''''' 28: 158 - 169 . 

of 5-aminolaevulinic acid and its transformation into 

in animals and bacteria. In: of Heme and 

pp. 55 -122. 

P.M. (1991). In: &:Iin.,,,n!·,,,,,,,,,·i,, of T<>Tr<ln":rrr,, Jordan, pp. 1 - 66. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

150 

P.M. and J.S. o-aminolevulinic acid "",.,\lnI',,,,, 

order of addition of the two molecules of o-aminolevulinic acid in the enzyme 

nnr'nhr,hili,nnt,,,,n J. Chem. Soc. Chem. Commun. 240: 242. 

of 

J.S. Purification of nnrnhl'1lhi from bovine liver. Methods 

I-n;'vmnl 123: 427 - 434. 

M.J. (1 Evidence for a cofactor at the C::It:'1lvtIIC site of E. coli 

nnr'nhr,h,I"nnt":'n deaminase. FEBS Lett 225: 87 - 92. 

S.D. and M.J. (1 and nrn,n"'rlfI"'l':; of 

deaminase from a recombinant strain of Escherichia coli K12. Biochem. J. 254: 427 -

435. 

P.M. and WCllodcoc:k S.C. (1991). of residues in the C;;U:3IVIIC cleft of 

Escherichia coli deaminase that affects cofactor and 

t",t,'<>n'/rrnl", chain initiation and ",In,"!n<>t,nn Biochem. J. 280: 445 - 449. 

at al. of 

Escherichia coli 

S. at al. (1 Studies on of etiolated 

Z. Eur. J. Biochem. 179: 423 - 428. 

i. at a!. (1 Plant delta-aminolevulinic acid rI",I'\lrlr",t,~",,,,, 

vnr",,,,~,inn in ",nun""." root nodules and evidence for a bacterial of the ALAD gene. Plant ."',<>1,,,. 
104: 1411 -1417. 

and H:::IlrtiAII, D.L. (1 Formation of recombinant inclusion bodies in Escherichia coli. 

TlBTECH. 6: 95 101. 

at al. (1 In: The D.S. 

The metabolic basis of inherited "'.""'H.''''· New York: p. 1305. 

diseases. 

pp. 2103 - 2159. 

S.R. and 

254: 799 - 803. 

A. (1 

H.A. (1 

at al. 

u"''''UUt~ •• W.S. D. 
In: The metabolic basis of inherited 

7th volume. 2. McGraw New 

The <""un<", of murine ferrochelatase in vitro and in vivo. Biochem. J. 

des Sulfonals. Ther. Mh. 11: 316 - 319. 

Isolation and characterization of mutant 

rheinhardtii resistant to herbicide S-23142. J. Sci. 15: 449 - 451. 

at al. (1 Acute intermittent nnr'nh'/ri in Finland: 19 mutations 

in the nn,'nh, ... hil deaminase gene. Hum. Mol. Genet. 4235: 215 222. 

S. at al. ten years follow-

up and characterisation of a molecular defect. neIJan)/. 23: 1 - 90. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

,1<:I.'"" .... ""t;,.." and clinical characteristics of 

Acta. Haemato/. 98 96. 

von und zu et al. ) . .... "'''''''·7''1'''' 

,UIIUW·-UI.I and characterization of molecular defect. Soc. Invest. Dermato/. 16: 610 - 613. 

et al. difference in IX accumulation 

herbicide in "'rTl,..,n.tn" between rats and Rabbits. Toxico/. Pharmacal. 

141: 520 - 525. 

S. and 

inhibition isomers. J. Bioi. Chem. 258: 4285 - 4292. 

Human B-aminolevulinate gene: 

structure and alternative mRNAs. Genomics 19: 242 - 248. 

Kiel. Ten A.M. and v .. n"'M<* Nucleotide sequence of the ,'Sy,ne(~hClcO,CCtIS sp. 

PCC7942 hemE gene the hnnnnl"n of mammalian DNA 

"'''''n''''''' .... ''' 2: 415 - 418. 

P. et al. The ""n"VrTl<:lr,,.. "\lrn",,'''''' of 5-ALA. J. Bioi. Chem. 233: 

1214 1219. 

D. and B.J. (1 The ""n·,."rn",',,.. "'.mt,,,,,,,,, of 5-aminolevulinic acid. 

Biochim. Acta. 28: 219 - 220. 

Meissner P.N. and """""'1"1""'" nn,nmn,,,, Semin. Liv. Dis. 18: 33 - 41. 

Harford et al. (1 

iron metabolism. Cell 72: 19 - 28. 

D.J. and L.L. Oxidation of 

J. Bacteriol. 164: 316 - 320. 

the fate of mRNA: The control of cellular 

,nM,v,"nn,,,"n in the oOllgal(e anaerobe Desulfovibrio 

L.L. (1 Purification and ,,,,, ... "'.,,"',, of nrt1lfnr\nrlnn'lfI oxidase from an 

anaerobic bacterium, Disulfovibrio FEMS Microbiol. 61: 61 - 64. ' 

delta-

aminolevulinic "v"tn.>t,,.. Naika Gakkai Zasshi 68: 1293 -1300. 

J. et al. (1 

and evidence for a bound folate coenzyme 

Biochem. J. 220: 755 - 765. 

et al. (1 

and induction of mRNA 

Purification 

of III. 

nn,'nn'vmln",An oxidase. molecular 

differentiation. J. Chem. 268: 21359 - 21363. 

Site-directed """,,,,",,,,,",," of human ferrochelatase: 

Identification of histidine-263 as a site for metal ions. Biochim. Acta. 1209: 95 - 100. 

enzyme: 

1292: 156 - 162. 

et al. (1 Mouse r:n''1rnlnnrnhIJri oxidase is a copper-

in Escherichia coli and site-directed ,t.:>""' •• "",,;,, Biochim. Acta 



Univ
ers

ity
 of

 C
ap

e T
ow

n

152 

Matsumoto, H. and nnr'nmmn accumulation in Lemna nRIIr:i(:n.<:I~Rta 

Wo,,,"'.,"'" caused Weed Res. 36: 318 - 323. 

Mechanisms of nhr'tnri\In:::lmi .... herbicides. Am. Chem. 

Soc. Ser. 559: 177 -190. 

et al. Lancet 1: 851. 

E.and ~ .. ,,· .... '''' ..... ·in Poland. Lancet 1: 1354 1355. 

Kn!::tr.I"Au~!::k,::I E. and 

and heme related Ah,~tr",,..t'" p. 16. 

unrelated ~~.;~~"" nn,'"h'/ri<> cutanea tarda. Br. J. Dermatol. 126: 446 - 449. 

at al. 

in the first untranslated exon of the PPOX gene and 

affected Afrikaner families. Mol. Cell 12: 293 - 300. 

in 80 

mutation 

in a 

J. (1971). Fluorometric ,.n,."v,<,,< of riboflavin and its coenzymes. Methods J<;:,,"" ..... ,rol 188: 253 - 285. 

Hertuah 96: 528 - 532. 

Clin. Haematol. 9: 303 - 322. 

et al. (1 Herbicide-induced ovr,ori,",o,nt<>1 "",..io"",to in mice: 

tissue accumulation and response to ............. h .... Pharmacal. 

75: 1181-1187. 

D.P, and 

cutanea tarda. II. Inhibition of Ir",,,,,,nh.,,.i 

G.R. The role of iron in the of nnr'nhl/n::! 

J. Clin. Invest. 56: 661 - 667. 

as a 

U .. L ........ M.M. at al. (1 

siderosis associated with 

Heterozva!ol';itvfor HLA-linked hemochromatosis 

cutanea tarda. r.:~.C:tr(lpntprf,ln('v 

88: 1232 - 1238. 

W. 

-483. 

zur Kenntnis des Bilirubins and Hamins. nO,DDEH)!'1ler 

C. and P. (1 of the ferrochelatase 

Biochim, fjIODn~IS. Acta. 159: 527 - 539. 

R. (1 The ferrochelatase fram cerevisiae. 

of its structural gene HEM15. J. Bioi. Chem. 265: 7278 - 7283. 

Z. lJ"V .... lfll Chem. 82: 463 

of mitochondria. 

and 

{';le,av~3ae of structural orotAinll'; i:I:S~it:IIIUIV of head of h",·fo"n"h .. "" T 4. 

Nature 

Some observation on blood "';R_n~'~ J. 31:464-472. 

H.M., .... ,."",... Molecular basis of ""."h,,,i,,, a de novo insertion 

mutation in the nrt'l'tnn'nm''',." ....... " ....... oxidase gene. Hum. Genet. 99: 126 - 129. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

'mutation of the PPOX gene + 

Clini. Chim. Acta. 305: 197 

200. 

D.P. evaluation in acute intermittent nnrnmJrl'" 

«:vrltr" .. ",. J. Med. Genet. 16: 134 - 139. 

H. at al. ). Human ",,,,1"l'lr,nn,\i,,,tir n,rntr'nnrn"i\lri,~· Two 

mutations in the ferrochelatase gene. Biochem. M,nnn."" Res. Commun. 181: 594 - 599. 

gene 

278. 

at al. A molecular defect in CO[)ro[)O oxidase 

Hum. Mol. Genet. 4: 275 -a variant form of nelreOltarv C()Dn:lOO 

at al. ). Studies on the mechanism of n.II,."'v.mnQTn"" ... ",,, 

residues in substrate Biochem. J. 275: 447 -

Pn,rnh,nhilin,nn,'n deaminase in human "'nl'tl'l ..... rvt"'., 

of two forms with !:>n'~":mpnt molecular \AI""nl'l"., of 40 kDa and 42 kDa. Scand. J. Clin. Lab. 

Invest. 49: 677 - 684. 

Crv,sta/lroar, 54: 476 478. 

J.T. and M.P. 

and 

del::arIOmMalse. Acta C/lI'sta!1I0t1r D. BioI. 

heme of mitochondrial a 

conserved amino acid motif. Science 259: 522 - 525. 

'-.. v, .. " ... D.K. (1 I-'nlmn'vrln metalation reactions in hin,('h,pmid,'V 

VCH 

cited 

In: Mechanistic I-'ron(',nle>,«: of 

pp. 279 - 311. 

1840. 

J.S. and M. ). Identification of the most common mutation within the 

deaminase gene in Swedish n!:>t;",n'tc:: with acute intermittent Proc. Natl. Acad. Sci. USA 88: 

10912 -10915. 

H.J. and 

of etiolated 

Lee, 

related 

S.O. 
herbicides. 

IX-oxidizina activities involved in the mode of action of 

Cellular localization of nr""tn"",,,,,l'lvrinl'\n<:In (\",11'7""" activities 

102: 881 - 889. 

Biochemical and Onl/SICllOllllca 

Food Chem. 43: 2722 - 2727. 

at al. rice 

effects of he1ter()cv'cle,s and 

a Bacillus subtilis 

oxidase gene are resistant to n",.n",n\l' ether herbicide Plant 41: 

743 - 749. 

The evidence of a "n,rr""',,,", intermediate in the formation of III 

Ciba Found. 180: 111 -123. 

R. and J.W. Haematin and Bile Pinm",nt«: Inte>r«:"j"",(,.,. New York. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Lermontova, I., H-P. et al. 
""'_._: •. - and of a and a 

mitochondrial isoforms of tobacco 

8900. 

rnh,"rinn'u .... IX oxidase. Proc. Natl. Acad. Sci. USA 94: 8895 -

Lermontova, I., and Grimm, B. of DlastidlC nrotlCloclrotwrinOIJen IX oxidase leads to 

resistance to herbicide acif1uorfen. Plant 122: 75-83. 

Levene, G.M. (1 P,,, .... h,,.i., cutanea tarda hereditaria. Proc. R. Soc. Med. 61: 591 592. 

HAW. Molecular .... r'r"'r1'c'., of 5-aminolevulinic acid 

:::'DmaCla oleracea. J. Biochem. 135: 75 - 79. 

L. and R .. :",tn .. 

aminolevulinic acid <"",+h.~ .. ", 

~nnl"ln~'ri."nn., and modifications of the colorimetric assay for delta-

1= .... 7" ..... ,., 28: 120 - 132. 

LiII, L.E. and l'Ii", .. ": .. no,,;,, of mitochondrial .... ",to,.,,' Curro Cell Bioi. 

8: 505 - 512. 

S. and G. defects in "0"01'1 i."" ''''' Proc. 

Natl. Acad. Sci. USA 74: 4641-4645. 

A.M. del C. callus. IX. The 

,... ..... '~vn't ... t't"',.,, kinetic studies. Biochim. Acta 

220: 552 - 559. 

et al. (1 

Br. J. Dermatol. 

of latent n""'nn',"'" fluorescence emission 

9-13. 

et al. The three-dimensional structure of Escherichia coli 

resolution. Prot. 25: 48 -78. 

87 in the beta subunit of 

that forms an internal aid imine with n",'Inn,v",", ",",~,,,.,,""'I'o serves critical roles in 

release. J. Bioi. Chem. 268: 8727 - 8734. 

P.and E.W. 

and 

Weinfeld. A. and 

Scand. 1-2: 37 - 53. 

P. (1 "t"""",o in nr" .... h'Jri'" cutanea tarda. Acta. Med. 

5.0. is of the p-J. and 

Nitrosubstituted ether herbicides. Pestic. Biochem. 31: 74 - 83. 

R.E.H. and C. cutanea tarda. ota 

case isolation of some ""TI"O'~"''-' ,nt'll""",I"'it,orl """.nn,,.,,,,, Arch. Int. Med. 19: 483 - 504. 

,.. .... '''''.,~ ","V' ...... ,,,,,,,,, oxidase is 

in root nodules. Plant Bioi. 23: 35 - 43. 

Three novel mutations in the huron"'''''''' oxidase 

gene in I::m::lnl,."":' Biochem. 33: 495 - 500. 

of the human ferrochelatase in 

•• """",,.,,,,,n,,, mice. Blood 92: 320 -

T.A.J. et al. (1961). a new 



Univ
ers

ity
 of

 C
ap

e T
ow

n

from 

155 

with solar urticaria due to ni'r.tn"""nt"lri Lancet 2: 448 - 451.' 

Fel'roc:hel~t~,se: isolation and 

M/oDn~'.<;. Res. Commun. 96: 777 -784. 

and of Escherichia coli D-serine 

Altered interactions with 

J. BioI. Chem. 263:16934 -16941. 

Heme and 

~r", .... ",.y"n NJ. 

and Bre,slauer K.J. 

substitution of ... ",,,,,nn: acid for 

and Medical ''''':''''''I"'I~<> Van Nos 

for transitions of any 

Hln,nnll/",<>"<> 26: 1601 -1620. 

Semin. Liv. Dis. is: -41. 

P, 

Dermatol.119: -538. 

V~I·i", .... ~t", nnl'nn'JrI~ and nnrnm"o:,. cutanea tarda. Arch. 

Molecular and 

functional of a cDNA oxidase. Proc. Natl. Acad. Sci. 

USA 91: 3024 - 3028. 

Y. and Gr:;nt1l~h;~mln. B. (1 HomOIZV!JOlIS h,ore,nit·, .. " COIJrOIOOroh'ma caused 

substitution in 

"nlvmnr",hi",m" Hum. Mol. Genet. 3: 477 - 480. 

oxidase and common 

at al. Human oxidase. Biochemical 

characterization of recombinant normal and R231W mutated enzymes "'l{r\r"'l~.,,,,,t1 in E. coli as 

active homodimers. Cell Mol. BioI. 43: 47 - 58. 

MalsS19V. V. and f."'ntl' .... H. (1 . On the int'''"'rot,~tir.n of the of tl""m,.orn!·",i"", with 

reference to D-amino acid oxidase. Biochem. 4: 1161 - 1173. 

e.K. and Van 

pp 161 211. 

and R. 

K.E. Inc. New 

,nnr""n._""':>'"'''' on cucumber I'nl'\lI",I1" 1'1'" "",'nh',lrin 

accumulation. Pectic Biochem. 32: 164 - 172. 

R. Studies on the mode of action of Inn'",n,-ml'!TnVI in the non-

SO'IJ'aol:'!an cells: accumulation of cells. Plant. 86:619-622. 

at Prr.tnr'''rrlhvrln ......... >" oxidase as a molecular 

for ether like herbicides. Biochem. J. 260: 231 - 235. 

P. at al. oxidase inhibition three 

herbicides: OX81diazon LS 82-556 and M & B 39279. FEBS Lett. 245: 35 - 38. 

Localization within of 

orcltO[)orr,nvrinf,n<:>,n O;I(ICcISe, the enzyme herbicides. J. BioI. Chem. 267: 4646 

- 4651. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

·156 

R. and R. Characterization of to pea 

and evidence that .,,,,t,..,,,n • .,h,.Ir;r,, .. ,.,,,,,., oxidase binds acifluorfen. Eur. J. Biochem. 

209: 861 - 868. 

6746 J. 

effects on 

Food Chem. 38: 2066 - 2071. 

,,.nll:>''''.... K. Variation in crop response to nrcltor)o 

in Lemna 

oxidase 

inhibitors. Am. Chem. Soc. Ser. 559: 120 - 132. 

G.L. and S.I. Structure and "'vr"""~,,,it'n of the Chramlvrll)ml)na gene 

",n,rnrlinn the enzyme, delta-aminolevulinic acid rl",I",rl.!>t,~",,,, 

Plant Mol. BioI. 27: 607 - 617. 

B.K. and Bawdlan 

156. 

M.J. Control of heme h;,..",,..th,,,, in animals. Semin Hemato/. 26: 150 

vertebrates. 

Gilbert's 

form of acute 

differential 

et al. (1 Molecular of heme h,,,c,,,,,,th,,,,,,,, in 

Nucl. Acid Res. Mol. BioI. 51: 1 - 51. 

aestivale in two 

in the urine. Br. J. Dermato/. 10: 1 - 4 

with the presence of 

et al. Pm'nh"mn metabolism and haem h;,...~"~,th",.~;,, in 

Gut. 28: 125 -130. 

et al. Chester .,,.., . ., ... ,,,,,,, biochemical studies of a new 

Lancet. 2: 796 - 799. 

Dllli'liUII.D.M. years. Semin. Liv. 

ornr,h",th" - a rare and often 

of a new form acute nnr'nh,,,,,,, Lancet 2: 796 - 799. 

pp. 2009 - 2037. 

'and Rimoin's 

Vol. 2. 

G.S et al. Intramitochondrial localization of o-aminolevulinate 

.",.lth"t!>c"" and ferrochelatase in rat liver. Biochem. J.114: 455 461. 

to the mer----Dz 

at al. (1 of 

of human chromosome1. ("'.,In,."o""ol Cell Genet. 39: 224 - 227. 

S. 
2355 - 2357. 

An assay of 

S. at ai, (1 Five new mutations in the 

gene identified in families with cutaneous Blood 88: 3586 - 3600. 

L.A. and P.M. nvr·mnnootlh",rloo cofactor "'",'''rr,hl" in 

deaminase. Biochem. Soc. Trans. 26: S286. 

in 



Univ
ers

ity
 of

 C
ap

e T
ow

n

157 

A.E. and H.A .. OXI'a8s.e is not a metall<oprotein J. BioI. 

Chern. 271: 32507 - 32510. 

at al. A mouse model for South African 

nn"nhvri:~' construction and initial characterisation. Cell. Mol. BioI. 48: 71 - 78. 

R. (1991)~ ..... "'·"n'".'" 

of liver disease. 

pp.199 228. 

I-n:rvrr,,," Studies in 

In: Liver - a Dra!ctlc:a 

and P. MAi~~lnAr 

PhD 

to the 

Town. 

and 

Town 

Allosteric inhibition of human Ivrr'nnnnl~",r and 

A mechanism for 

the acute attack of 'I<:Ir,<>"",t<> nn,'nn,,.,,,, J. CUn. Invest. 91: 1436 - 1444. 

In I-In,'nn'"r1n ~"'nrll'nn Vol 

K. Kadish and R. in press. 

oxidase and 

deaminase in nn,nh,,.,,,, Eur. J. Clin. Invest. 16: 257 261. 

at a!. I-'nl'nn'"rl~ - The UCT A ... r\Ari,,"n(~,," S. Afr. Med. 

J. 72: 755 - 761. 

in decreased enzyme 

95- 97. 

"""""'''';''''1"'''''' oxidase results A R59W in human 

n,.,"::O',I'>nT in South Africans with v""',<>",,,t"" Nat. Genet. 13: 

"'vr>tn:~",,," mRNA 

et al. 

n_f,,,,,:,,,,,n,"'I\I',," elements in 

Translational control of 5-aminolevulinate 

cells. J. BioI. Chern. 268: 5974 - 5978. 

MIII,I'AI"lIf1"_ P.A. and M.R. The effects of zinc and lead on 5-aminolaevulinate 

Biochem. Soc. Trans. 6: 760 - 762. 

Intermittent acute nn,·nh",.i", 

16: 334 - 342. 

Clinical and biochemical stUdies of disordered heme 

M.M. at al. 

manifestations. Semin. Liver Dis. 18: 43 - 52. 

503. 

Ober die 

",tnnn,'nn'".",,,, und anderen derivate des blut und 

Acute n::ll'hnlcll'!rIA~I!': of 

des 

Dtsch. Arch. Klin. Med. 112: 476-

M.R. et at Detection of seven mutations in the 

deaminase gene in with acute intermittent by direct of in 

vitro cDNA. Hum. Genet. 90: 12 -16. . 

R.E. and E.R. Glutamate 

t''''\I'nn,'nrA," J. BioI. Chern. 247: 7407 -7419. 

et at 

atom of ...,v~,r,,"If'A_:/4/ Biochem J 254: 915 - 918. 

from Escherichia coli. An iron-sulfide 

Evidence that the 

is bound to the 

cofactor of 

the 



Univ
ers

ity
 of

 C
ap

e T
ow

n

,158 

K. (1 of nn,'nnl'lnlllnn,nl"n deaminase in acute intermittent nn,'n"",,,,,, J. 

Haematol. Soc. 20: 190 - 203. 

K. at al. ). Isolation and characterization of visible 

sensitive mutants of Escherichia coli K12. J. Mol. Bioi. 219: 393 - 398. 

ferrochelatase from 

at al. 

and cucumber. Plant 

Nucleotide sequence of cDNA clones 

105: 769 - 770. 

and of cDNA sequences 

'h .... v"I·' .. '''' from tobacco and Plant Mol. Bioi. 28: 245 - 256. 

M.R. and l:iOIODera A. (1 imrllif':::Itirlnc:: of the no, ...... ",t"n,,,; of lead. In: 

and Environmental Lead-Human Health Effects. 

pp. 261 - 299. 

K.E. and Go'idbara A. The effects of alcohol on "nrnn,,.,n h,n,,,,,,"th,,'C::'" and 

metabolism. CUn. Biochem. 1: 161 - 187. 

at al. (1 ,n"'Jr"'" and Products of Haem H't'l,c:,,,nne't,I"' 

In: Disorders of PA,·n"'.J,in Metabolism. Plenum New pp. 21 -72. 

(1 

sequence and molecular 

58: 712 - 721. 

of three families with nor,,,,t''''I'1,ifnlrAnn; 

r.nlmnl.,.t.,. gene 

Am. J. Hum. Genet. 

Da 

oxidase gene in 

3095 - 3102. 

Functional studies of mutations in the human 

Cell. Mol. BioI. 48: 79 - 82. 

nn,·nn,1"'" in New JAMA 247: 

H.M. and ...... U1 ..... J .. ''- A. (1 The hin,,,,,,,.,,,, of nn,'nn'Jrm,c:: 2. The of the m.,.,tnv,l.,. carbon 

atoms. Biochem. J. 47: 97 -104. 

S.K. and .... n''='' ... n .. 

-119. 

N.R (1 

and 

",,..,,,.h,,,v,,I,,,,,,, from human 

characterization of two ,,,,n,pn;'VflIPC:: Int. J. Biochem. 24: 105 

Uber eisenfreis Hamatin. J. Prakt. Chem. 32: 186 -197. 

in unrelated families. J. 

P. (1 

P. (1 

P. and ;:'81PPillal 

2: 310 - 312. 

P. and 

characterisation and 

291: 505 - 509. 

at at (1 nn,'nn'JfI'" two similar cases 

Soc. Med. 79: 361 - 363. 

A.M. (1 

R.J. (1 

of 

Ann. Intern. Med. 89: 238 - 244. 

12 years OVf'",."",nr'o in Finland. Q. J. Med. 49: 191 -'203. 

Br. Med. J. 

Genetic in acute intermittent 

deaminase mutations in Finland. Br. Med. J. Res 



Univ
ers

ity
 of

 C
ap

e T
ow

n

159 

A severe skin 

disease of Clin. Genet. 32: 300 - 305. 

oxidation heme 

in V::U'iAO:::ltA nnr'nmJr"" Clin. Phannaco/. 

normalization of 

51: 320 - 324. 

Molecular and sequence of cDNA 

human ferrochelatase. Biochem. M" ... nmu, Res. Commun. 173: 748 - 755. 

at al. (1 The molecular defect of terr'ocl,el<na~;e in a with 

erymrctpOletlc nrnfnnnrnnvr,,,,, Proc. Nat!. Acad. Sci. USA 89: 281 - 285. 

at al. (1991). A",.,;nnm<>,nt of human PBGD to 11 -.11 in 

situ and gene oo:saole studies. Cell. Genet. 57: 105 -108. 

and Delta-aminolevulinic acid of 

Rh,odc)DSeuc'iofino/las "nrIPrrllnp,,' 3. Mechanism of nnrnnr.nmnnr,," ,::v"th.,,,,;,,, J. Bioi. Chem. 243: 1224-

1230. 

S.O. (1 The n:::ltlhw~~v as a herbicide site . Am. Chem. 

Soc. Ser. 524: 62 - 78. 

inhibition 

227 - 235. 

1094. 

oxidase 

8080. 

n,nl1AnVI ether herbicides. Pestic. Biochem. 

of 

43: 193-211. 

Correlation of oxidase 

nn.,r.:::II·h::l!m::ltA':: with their herbicidal effects. Pestic. Sci. 35: 

and characterization of a 

oxidase of An;IDIC10PSIS tha/iana. Gene 182: 169 - 175. 

Nifl'nn~~n /-10'0"1"1,.."" .... 1.,<> 2: 35 - 146. 

that encodes 

das H:::I''':::Ilrnn,'I.nnvrln Patho/. t"'m1ln'<:I[;I:JI. 24: 430 - 446. 

Aminolaevulinic acid and nn.nnl/ .. " Nature 172: 1 093 -

T. and ........ "u' ... H. and identification of the hemG gene 

of Escherichia coli K-12. Res. 2: 1 8. 

H. of a human cDNA for n.nTnn,nmlnvrl 

f'nrnnl.a",.ant",tir,n in vivo of a hemG mutant of Escherichia coli. J. BioI. Chem. 

and T. (1 of interaction between the Arthrobacter sarcosine oxidase and 

the coenzyme flavin adenine dinucleotide 

- 2410. 

Y. and De'vb.ICh 

site-directed environ. Microbio/. 62: 2405 

Human 

New pp. 491 - 542. 

In: R;n<m.,th.,.::;.:: of heme and 



Univ
ers

ity
 of

 C
ap

e T
ow

n

160 Bibliography 

et al. (1 Molecular nonotli,.." of the .............. ,,, •• '" Ann. 

G.H. and 

Dermatol. 122: 253 257. 

J.l.M. 

G.C.M. and O.T.G. 

inhibition of tl""Ir'On7"m~." Mol. Pharmacol. 46: 778 - 785. 

a case Br. J. 

Involvement of radicals in iodonium 

Purification and some .... ~n~.~.~" of two forms of delta-aminolevulinate 

"vr,thl~"A from rat liver .... \"U"',,,. J. Biochem. 85: 239 - 247. 

et al. The energy of 

mechanisms and ",,..,,,n,,,,,;,,,, Adv. Protein. Chem. 53: 87 - 152. 

et al. (1 Isolation and characterization of a reinhardtii 

mutant resistant to oh()tolble:achlina herbicides. Z. Naturforsch 339 - 344. 

Refined structure of the conformation 

of H-ras 

2359. 

resolution iml)licati(ms for the mechanism of GTP hwi ..... I,,"";'" EMBO J. 9: 2351 -

D.F. et al. ). a 

nelterC)ZVQOlte with novel mutations in the n • .."t ..... '''r'''"','rin''n'' .. ., oxidase gene. Br. J. Dermatol. 144: 866 -

869. 

G.M. and DUi:llUlla. D.S. 

248: 4467 4474. 

and Hr,.n",,,, 

Studies on o-aminolevulinic acid "" ••• h,,'~""" J. Bioi. Chem. 

H.R. (1951). The of two ""rlrnr .. on,_"""nc.n helical 

.... u'm\.lUld'uull::s of the oOI'voe:otlcle chain. Proc. Natl. Acad. Sci. U.S.A. 37: 205 - 211. 

role of distal residues in reactions with haem 

Trends. Biochem. Sci. 14: 42 - 44. 

.I.P. et a!. (1 Characterization and CrII'st::lllIzatllln of human 

Protein. Sci. 6: 1343 1346. 

et al. (1 ). o-aminolevulinate deficient 

identification of the molecular lesions in a affected Am. J. Genet. 49: 167 - 174. 

M.B. (1 

Dermatol. 116: 543 - 547. 

M.B. (1 

Clin. Dermatol. 3: 41 - 82. 

A marker for ''''',0''''''0 Arch. 

cutaneous "", ... t",,,on """'" .... , ... o''o''i''' a'nd treatment. 

P. of iron metabolism and heme 

mechanisms in " .. ,nn,'",,, cells. Blood 89: 1 - 25. 

Distinct control 

Characterization of tolerance in selected 

line. Pestic. Biochem. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

., ' , 

161 

'R.J. (1 assay for ferrochelatase .1) . in 

concentrations of I'> <>."" .... 1'1 In In: in human disease. S. 

pp. 123 -130. 

J.E. (1 

Biochem. J. 90: 69 - 75. 

The on"·\lm,,.. conversion of nnrnh\Jrinnne>n III into nrntnnnrnhvrin IX. 

R. (1 The ",,,,,,',,m,,, conversion of IX to nrt1.tnr\nn.rnt,vriin IX in mammalian 

mitochondria. J. BioI. Chem. 251: 3730 - 3733. 

R. and t'OI!alalse. W.J. The o".,'".,.,i" conversion of 

IX. IJr,.,.t",,,,nr,, 

• ... I'>",rio,n,,",on IX to nrn,tnr\nr.nh\/rin 

in mitochondrial extracts of -"J!3,(,(,'lJ!3l'lnmv("'~ cerevisiae. J. BioI. 

Chem. 250: 1269 -1274. 

Prasad Generation of resistance to the n,n, ... o"", ether herbicide acifluorfen 

MEL cells. Biochem. i::SIODm's. Res. Commun 215: 186 -191. 

and H.A. (1 

P.L. (1 small .... ",toi ... , Adv Protein Chem. 33: 167-

S.J. St",n,I,tv of structure and nvr"n"nn interactions. Adv. Protein 

Chem. 39: 191 - 234. 

Characteristics of murine ... r,.,.t"'r\nrl~n"'rin,nn<' ... Prot. Sci. 1: -809. 

at al. (1 

sequence and ... nlvmnrr,n in the human gene. Biochem. Res. Commun. 226: 226 - 230. 

et al. (1 Molecular ",nln",I1'I1 and of acute 

intermittent nnr'nn\JrI Am. J. Hum. Genet. 60: 1373 -1383. 

C.1. and D.P. ", ... ,,,,,it,,.. I<>"ollinn of a constituent OOlVOl90tlde of bovine heart 

mitochondrial reduced nicotinamide-adenine reductase the inhibitor 

Biochem. J. 163: 605 - 615. 

N., Romeo, P.H., et al. (1 Molecular and I'\rll""'<>'1'\1 sequence of 

human ol'\'tl'>r'~"'\lt'" n,nrn,nnlhili,nn"",n deaminase. Nucleic. Acid. Res. 14: 5955 - 5968. 

609. 

et al. (1991). Hematin Tne,., .. ,,, for the 

Proc. Natl. Acad. Sci. USA 91: 283 - 297. 

crisis of 

G.L. (1 Two cases of n"",.,.,,>tnl~n in the urine. Lancet 2: 607 -

aSAR "',,~"''''''' of ... rl1,tnr", .. ~I'>"rin,"n.>n oxidase inhibitors. 

Pestic. Biochem. 

5.0. 

43: 193-211. 

inhibitors 

"'I'1,tn''''',~1'>''''''n,nn.>n oxidase 

,to,'_,,,i/101'1 molecular mn,l'Iol',nn Am. Chem. Soc . ..,VlrTlDOSIUllI Series 589: 221 - 224. 

et al. (1 

Itl'>,/l'InJI",',., to alanine indicates its 

Biochem. 35: 13485 -13493. 

in the intemal aid imine in 0-

in transimination and as a no"".",1 base 



Univ
ers

ity
 of

 C
ap

e T
ow

n

K.and P. 
Pestic. Biochem. 

An encioplasnnicreticulul 

54: 105 -114. 

enzyme has orcltO[IOnlh1l'rinIQOEIn oxidase 

J.D. I-Y,'r""~'::lrln of delta-aminolevulinate in avian 

cells: .,,,,,,,,,,,,,,t,,, genes encode erv1MDICI"SPI3CltIC and nOflspecnilC ,<:n:""rn •• " Proc. Natl. Acad. Sci. 86: 

792 796. 

A review of the "' ... .,.'v ........... errors in the various nnfnM'JrI", Scand. J. Clin. Lab. Invest. 

45:291 301 

E.A. ot al. (1 !-In,'nM'lIn", and nhl)tn,~An,'::itlvitv Q.J. Med. 36: 29 57. 

on 

human BFU-E/CU-E "'v"'!lnnm"'l~iandh",&!mrlnlnhin"\Jr,.n,>., Toxico/.16: 115-122. 

RnhAlrtl'iL A.G. and Purification and nrnn",!"t;",,:: of lrn"nrlnh"rrinlnn~~n Cll9carooxvl:ase from 

human """Tnr,,,,,,,.,,,., Methods ,...,.,'v""'" 281: 349 - 355. 

of the human 

rooxvl;~se gene causes both he~)at()el'l(throp()ietic ru~lTIlnVrl'" and familial ....... ",n",I'1", 

cutanea tarda. J. Invest. Dermato/. 104: 500 - 502. 

De :::;allamlanca. et al. 

ot al. (1 Partial characterisation and "', .. "i .... n'"""'nt of the gene 

for nrn,fnr,nn\hvrin''\I''1",.n oxidase and var'ieoate nnf'nn'Jrl'" to human chromosome Hum. Mol. Genet. 

4: 2387 2390. 

and J.P. Three dimensional structure of human electron transfer 

resolution. Proc. Natl. Acad. Sci. 93: 14355 - 14360. 

ot at Increased of the haemochromatosis 

mutation in soo,raolc n,,,rnII'lVl"'" cutanea tarda. Lancet 349: 321 - 323. 

at al. 
......... .,,.,\1,.,"'. Hum. Mol. Genet. 7: 1921 -1925. 

Molecular characterization of nnrnn'l'vn,m 

et al. Iron removal in tutanea tarda: 

nhlj;!hntnrrlv versus slow subcutaneous desferrioxamine infusion. Br. J. dermatol. 114: 621 - 629. 

Le R. and Romeo P.H. (1 Rat ecalrOoxvl:E!se cDNA: 

nucleotide sequence and 

7211. 

to human 

et al. 

Nucl. Acid. Res. 15: 

Structure of the gene for human 

Nuc/. Acid Res. 15: 7343 7355. 

Molecular and sequence of a I"n' ..... nl"'t"" 

human dAc~artlO)(1l1la~;A cDNA. J. Bioi. Chern. 261: 9825 9830. 

(!vc'f"'r .... "'fi" "'1~l'Il\I"'I,:: of N"'~"'I'\"r ... n',Jri oxidase gene 

defects in n.,.,,,,111'·"'''''' ,..n"r ... ""n ..... ""~i<> and mutation ....... , ..... ,"'. Hum. Mutat. 13: 44 - 53. 

Anwooa. P.V, and l:ialrcll~·V1I'eDD. P. Inhibition human IVrr1,nnl)/"Vr"" Cj:mroD()rolhvrinooen 

oxidase bilirubin and haemin. Biochem. f:j/oom's. Acta. 1135: 262 - 268. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

J.A. and D.B. 
adenosine and other 6-substituted 

of ribloflavin and its 2-substituted 

derivatives. Photochem. Photobiol. 6: 657. 

with 

). An amino acid code for Proc. Nat!. Acad. Sci. 

USA 98: 105 -112. 

C.J. (1 of skin lesions in human cutaneous nn.'nl'l,,,' 

Proc. Sci. Bioi. Med. 109: B09 - B11. 

H. (1 De l' urinale Rev. Med. 10: 1123 -

1125. 

A.M. del C. et al. VI. ,-,o,,,,, .. ,,,tin lr,ti,'!>ti'''In of 

deaminase and isomerase from cow liver. Pn"nhnhilin(lnp,n:::l'~1'! an 

allosteric enzyme. Biochim. Acta. 191: 130 -143. 

S. and S.). Mitochondrial r.nrlrn'"lnrnnl/r,nnno'!n oxidase and nrntnn,nrnhvrin formation. J. 

Bioi. Chem. 236: 1173 - 1180. 

P.R. and Wi'i'til1ltlhnf'lr A .. The t-'-UJOI:I--a common motif in ATP- and GTP-

Trends Biochem. Sci .. 15: 430 - 434. 

G.J.M.A. et al. 

with liver failure. Lancet 343: 1394 - 1396. 

Recessive inheritance of 

et a!. Nucleotide sequence of the hemG gene in the 

nr".tnr,nrr"I'I\J'ron,,,n.>n oxidase of Escherichia coli K12. Can. J. Microbiol. 39: 1155 - 1161. 

Delta-aminolevulinic acid rlot",rI.<>t<,.:"" assay. 28: 133 -145. 

ALAD Semin. Liv. Dis. 18: 95 101. 

G. L. and A. Studies in VII. Induction of 

of the gene defect of acute intermittent in stimulated human 

nnCICvltes. J. Clin. Invest. 61: 499 - 50B. 

al. ). 

aminolevulinic acid rI",I'vrlr",t,~~", rI",l",..;"n,..'v· studies in IVlTlnhi"r.\Jt",~ 

21: 244 - 248. 

at al. Molecular defects of the 

Cell. Mol. Bioi. 43: 59 - 66. 

due to norn02'V(]{mS delta­

Eur. J. Clin. Invest. 

oxidase gene 

Y. at al. (1 Effect of on nmiTOr,,,,",,,, TE!rmI-lV;aSB Biochim. 

Hlnnnl/.<: Acta.482: 461 - 469. 

Inhibitors of oxidase as herbicides: ethers 

and related molecules. Rev. Weed Sci. 6: 103 -132. 

J.M. at a!. Recent advance in the mode of action of 

ether and related herbicides. Z. Naturforsch 45c: 503 - 511. 

S4"I"IAI'IIliI' J. (1841). L""U'U;::'. Ann. Chem. Pharm. 40: 1 - 64. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Human ferrochelatase: A novel mutation in 

n!'lT,,,,nll,,, with alternative Hum. Genet. 95: 

391 - 396. 

(1 Ein Fall von knrnnlii7;",rt durch visceral is. 

Griefswald. 

.... 1I.IIIIIU. L.F. and E;ltfioilUlltf. D.S. (1 The characterisation and sub-mitochondrial localisation of 

acid ",,,un, .. ,,,' and an associated amidase in rat liver mitochondria an 

. assay for both enzymes. J. BioI. Chem. 258: 81 - 90. 

M. Anaerobic and aerobic I"1'"~.nnnl·nh,,ri.'nn III oxidases of 

group formation. Biochem J . . 'i:/li'1Af'Olll!A.'i:_ Mechanism and !';tAfAClchemiistlv of 

269: 709 - 718. 

lI'ifil"!'II';nn from chicken 

Methods f-n,'vmnl 123: 415 - 421. 

H.A. Function of the cluster in mammalian 

ferrochelatase: a DOS;siblle role as a nitric oxide sensor. Biochem. 35: 2699 - 2704. 

M.K. at al. 

cluster in animal ferrochelatase is a 

Evidence that the fourth 

Characterization of the enzyme from 

Chem. 273: 22311 - 22316. 

at at. (1 mn:::Irl'lllivA studies on the 5-aminolaevulinic 

acid 1i",I'vliir!'lt.",.,~ • ., from Pisum 

401 - 412. 

Eschen'chia coli and SaccllarlomVCE~S cerevisiae. Biochem. J. 320: 

from 

at al. Structural studies on 5-aminolaevulinic acid 

cerevisiae. Biochem. Soc. Trans. 25: 78S. 

A nnr'nh',lri", cutanea tarda-like distribution of 

and urine of "",tio"-!,,, on chronic hel110lCliallysis. J. 

Invest. Dermatol. 85: 107 - 109. 

5halmin. D. (1 5-Aminolaevulinic acid 1'1<> l!'Ivt'1 r",I-", ",,0' structure, and mechanism. Phil. Trans. R. 

Soc. Lond. BioI. Sci. 273: 109 - 115. 

The utilisation of for the of the 

J. Bioi. Chem. 166: 621 - 625. 

D. and J. (1951). mechanism of nnrnn\/fln fOnllation-The role of rnn,YVIIr acid 

J. Bioi. Chem. 192: 315. 

D.and C.S. (1 Succinate 

T. (1 

",,,rITno:'''''''' J. Bioi. Chem. 215: 613 - 620. 

J. Am. Chem. Soc. 75: 4873 4875. 

The succinate I. The mechanism of 

orClto[lorrlnVfln'"ln~>n oxid:aSE!-jnt"no:t,nn herbicides. Plant 

basis for differential sensitivities of 

97: 280 - 287. 

sequence of the bovine ferrochelatase 

gene. Biochem, ' .... nn ..... ,." Acta. 1231: 117 - 120. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

P.M. (1 nn.nh\Jrinnnl~n III 

molecular and mechanism. J. 

Structure and mechanism of enzymes involved in the 

."'"", .... ""',,,,'" mJ'l,('rrl('v,('I4'! Biochem. Soc. Trans. 26: 326 - 336. 

M.J. and S.J. ulscoverv that the 

rnl1lnhilin,nnl~n deaminase 

with the apoenzyme. Biochem. J. 316: 373 376. 

M.J. and S.J. 

rnn,nnllln,nnl~n deaminase: formation of apoenzyme and nrl',n:::lrJ'ltiin 

281: 317 - 327. 

of hnln4'!r'7Vm4'! 

de and S. (1 Purification of bovine 

165 

of the 

of the 

the reaction of 

of 

oxidase: (,fn,"''''.,f'''''i't,'v,I'\J and structural f",I,,,tir,,,,,,hi to ferrochelatase. Biochim. tJ/C)Dnvs. 

Acta. 913: 349 - 358. 

K. M. eds and meta/lc')pomhyrirls 1 -754. 

A.G. and ). 1""\1",<>tin 

of I and III as substrates and the inhibition Biochem J. 195: 241 - 250. 

A.G. and of iron and hexachlorobenzene inhibits 

ae(:::arOOl(VI:~se in inbred mice. Biochem. J. 13: 135 -142. 

et al. Isolation of cDNA 

ferrochelatase from ArclDlCIOOSIS thaliana 

19377 - 19380. 

mn,l",nn"'flt:::lj'inn of mutant. J. Bioi. Chem. 

SITlvtlhA_ E. and 

enzyme from C::U~Jle",CI 

J. 253: 275 - 279. 

Rat liver 

absence of a 

"".",n",rii""" to the 

li.""m""nt for r",v",.c::,nlv bound cofactor. Biochem. 

J.L. (1 Recherches sur I' J'lh!~nnortjrln des rayons ultraviolets par diverses substances. Arch. Sci. 

Nat. 10: 430 - 485. 

et al Identification of six new mutations in the 

Cle(;art)Ox'ylal.e gene. Am. J. Hum. Genet. 59: A285. 

n'''U:'''L P. and P.M. (1 

from Escherichia coli and a 

-287. 

Purification and charactarization of 5-aminolaevulinic acid 

of the reactive thiols at the domain. Biochem. J. 290: 279 

SnO!lln,!'AI' P. and Jordan, P.M. Characterization of the two 5-aminolaevulinic acid the A-

and of 5-aminolaevulinic acid from Escherichia coli. Biochem. J. 305: 151 -158. 

maICrC)CVCles. Part 45. Determination 

lactam which inhibits 

2102. 

al. of 

method of the absolute 

and related 

of the 

III ",,,.un<,,,,,,, /,..,.."",,,,,,,th,,,,,,,,1 J. Chem. Soc. Perkin. Trans. 1: 2091 



Univ
ers

ity
 of

 C
ap

e T
ow

n

,at _al. Hemin inhibits transfer of 

aminolaevulinate ,,,,. ..... ,,.,,,, into chick liver mll,nr.l1lnn,rlri::! Biochem. Res. Commun. 117: 344 -

349. 

Srivasata Borthwick at at Re!gui,aticin of 5-aminolevulinate acid .""un"", ... 

mRNA in different rat tissues. J. Bioi. Chem. 263: 5202 5209. 

CalDratta. A. and RlllIt'+""r'llhv 

from the Bacillus hemD gene, 

, ... t't·':ltlt~n and characterization of the 

rnn"rnl"l'Jr'i ... nl~An III !';.vrun~~!';.A Eur. J. Biochem. 231: 236 241. 

Over twee zeldsame kleurstoffen in urine van Zicken. Neder/ands_ 

l':ieirlee'SKLmae, Amsterdam 13: 409 417. 

M, And D. metal N-terminal sequence and subunit 

of a acid nA"vnlr::!f':; from the unicellular green Scenedesmus 

"U""I1"",. mutant G-2A·. Eur. J. Biochem.236: 600-

.,,, ....... ,, .... J.P. Purification and characterization of bovine 

Biochem. 22: 4664 - 4672. 

M. ae(~arlDO)l:vlalse. a method for rn"""'''"n"" 

enzyme 

at at Decreased red cell 

in intermittent acute ... "o· ... I"I'jrl'" J. CUn. Invest. 51: 2530 - 2536. 

R. and G. a nhllttnttll(: 

a rotundus. pnll1oc~he/n. 30: 2191 - 2192. 

'''nt'n'''nA~:i" of inner membrane nrn,tAil'~ of mlt,nr.l1lnnI1ri:l Trends 

Biochem. Sci. 21: 261 - 267. 

at at The G282Y mutation in the h:::ll~m(lchron,atc)sis 

gene and he~)ati1~s G virus infection are indlep(~ndent cofactors for nnl'nm~rI;;; cutanea tarda in 

Australian ... ",f'A ... t<: .... "'"", .. ,.u 28: 404 - 409. 

D.l. at al. (1 and 

nraltO[iOrllhvrinc)oE'!n oxidase in dual nor-nmJn::! S. Afr. Med. J. 76: 405 408. 

5-aminolevulinate is at and thus not 

the nri'''''''''''1 defect in X-linked sideroblastic anemia. Am. J. Genet. 43: 331 - 335. 

.... rllnnlJrlJ"I cutanea or the mn,nrnhvninntum I1A(~:::Irrlnl('''I:::I~:A m'lJlI"!IIRnI-:V diseases. 

Clin. Biochem. 19: 3 14. 

et al. Recurrence of a motif? Nature. 362: 299. 

akiliitarii. S. and R. ). Rat liver ferrochelatase. 

acids. J. BioI. Chem. 256: 12748-12753. 

Talulltl!ni. S. and R. Purification and substrate C!.v>l'ltll'lfV of bovine liver ferrochelatase. 

Eur. J. Biochem .. 127: 443 - 447. 



Univ
ers

ity
 of

 C
ap

e T
ow

n
Te 

167 

and eX[:lreSisiOI of 

mouse ferrochelatase. J. Bioi. Chem. 

differentiation of mouse ",rvTn .. """ 

Induction of terminal enzymes for heme 

cells. Eur. J. Biochem. 230: 760 - 765. 

et al. (1 oxidase gene 

",n;",,,,I'inn and localisation to chromosome1. Genomics 29: 698 - 703, 

Exon/intron gene 

222. 

Sci. 7: 1208-1213. 

Nederlandse n",ti;;t~.n 

et al. Structure of the human ferrochelatase gene, 

ni"'::::Itirm and location of the gene to chromosome18. Eur. J. Biochem. 205: 217 -

et al. Molecular and ""'lr"'_"" ofcDNA 

oxidase. Biochem. 1-111'1,1'11'1\/<:: Acta 1183: 547 - 549. 

The role of 121 in aminolevulinate "'\lrlth~~",,,, Prot. 

et al. A novel mutation in 

in two members of a Hum. Genet. 97: 557 - 560. 

J.H.P. et al. Een familie-onderzoek de eerste 

rii~I~_'.r Geneeskd. 133: 2547 - 2552. 

The QIJ~e)l:pr4~S and ,r,"r"",nn of 6 X 

pp.48-62. 

J.L.W. 

disease. Tenth 

227 - 233. 

on ro",o<l",.h., .. , ; ..... r'."'/ol'l chemical identification of 

of the medical :::Im,o::onirliv 7, H.M.S.O. London. 152-

J. Aminolaevulinate l'Iol,,,I'I.,,,t,,,",,,, nn,'nh',Jri", in A 

clinical and biochemical J. Clin. Chem. Clin. Biochem. 25: 5 -14. 

The tle;(IOI,lIty of the neck of the rieske iron sulfur 

bc1 J. BioI. Chem. 273: 27953 - 27959. 

1->""nh',Jr;'" cutanea tarda. Arch. Dermato/. 77: 568 - 575. 

Identification of base deletion del g) in 

exon 1 of the ferrochelatase gene in 1'1:::11'0::01'11", 

-1496. 

Hum. Mol. Genet. 2: 1495 

R. and "' .. """~'u, .. _ Mixed function oxidation. VI. Purification of a 

I"<>nnnh,nr lactonization. J. Bioi. Chem. 241: 4288 ~ 4290. 

D.F. and Purification and nrn,n",n,,,,,., of 

"vr""""., from human """othr ..... l"u'to., J. Bioi. Chem. 262: 1268 - 1273. 

D.and ,rn"nrlnh",rin,nne>n III ""I".th",,,o· molecular 

III 

nucleotide sequence, and """F"':""'''' "'_I<.n",rn cDNA. Proc. Natl. Acad. Sci. USA 85: 7049 - 7053. 

of cDNA for the 

",y.",,.,,,ir,n in mammalian cells. Nature 339: 446 - 451. 

of the 



Univ
ers

ity
 of

 C
ap

e T
ow

n

168 

.. "'.UI<1." D.P. R.A.and ). of S-aminolevulinic acid 

I'Iln'lfnn"'nt,,,nn,,1" acid. J. Bioi. Chem. 256: 9915 - 9923. 

I., T. and Sano S. (1 The role of zinc with reference to the essential 

thiol groups in delta-aminolevulinic acid l'I",r.vl'l,·",'''' 

178. 

of bovine liver. Biochim. Acta. 570:167 -

Y.S. ). Clinical and biochemical studies of h"""",rlit,,,,'\1 

in in Taiwan. Metabolism 20: 629-

3(]rIA!!i:!!;;~ S.T. and D.A. (1 A directs both and 

nroto .. " ... li":" A'llnr,po:t(,inn of the human ferrochelatase gene. J. Bioi. Chem. 269: 30789 30797. 

et al. (1 The nucleotide sequence of the HEM1 gene and 

evidence for a precursor form of the mitochondrial 5-aminolevulinate 

cerevisiae. Eur. J. Biochem. 156: 511 - 519. 

in 

der A. and Den A. .... n'·nmJf'''' vlu'iAn::!t::! in a curacao female. Neth. J. 

Med. 19: 19 - 23. 

Van C.G. W.S. I-'n'vtotoxlC metabolites of Phoma ,o;:n,rnhin:; a 

new foliar n"tnnt,,,,,,, of ool(elll/eed. Mrvclolo0l8 84: 715 - 723. 

COlmoletellive interaction of three herbicides 

'n.u' .... ''''o:>, membrane. FEBS Lett. 272: 106 - 108. 

F. (1 Isolation and of 5-aminolevulinate .""r.th,,.,,,, from the 

sacctlarl~mvc~~s cerevisiae. Eur. J. Biochem. 142: 551 - 557" 

and structure of cholesterol oxidase from Brevibacterium 

stero/icum refined at 1.8 A. resolution. J. Mol. Bioi. 219: 533 - 554. 

:i'lll'Illul!Ii:'trnrn J. (1 Ober nnr·nn\Jf.I" Med. Scand. 92: 1 - 254. 

nn,'nn'lIn""" as inbom errors of metabolism. Am. J. Med. 22: 758 - 773. 

et (1981). gene " .. : .. ,;n,,,,.,,ont of human 

deaminase and esterase to chromosome 1 leads to 11 Proc. Nat!. Acad. 

Sci. USA 78: 5734 - 5738. 

et al. (1 ,o.::l"lroo ... ln,n for ferrochelatase mutations: Molecular 

Acta. 1225: 187 -190. 

:nn,nl"rllT:::t. erv1hrloPc)ietic ... ,nrnn.,.." characterization of the 

nAlnnrnic structure and identification of mutations in the 

Genet. 47: 83. 

at a!. (1 

gene. Am. J. Hum. 

Identification of three mutations and associated 

narllotvOl~S in the. oxidase gene in South African families with 

Hum. Mol. Genet. 5: 981 - 984. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

169 

gene: 

at chromosome Hum. 

Genet. 97: 690 - 692. 

G.R. and B.F. of Purification and 

characterization of 5-aminolevulinic acid J. Bioi. Chem. 246: 6880 - 6885. 

et al. (1 molecular characterization of tobacco cells 

resistant to nrn,tnn,nrnr"Jrllnn"",n oxiidase-inhlibi1ting herbicides. Plant 118: 751 - 758. 

oxidase from ,..hl,nrn,nl",d" Plant cell 

Purification and 

41: 889 - 892. 

C.J. (1 

C.J. (1 

nnlrnnVrll~-",nmA facts and I.lUt~:sulun:s N. J. Med. 293: 1205 -1215. 

N. J Med. 293: 605 - 607. 

I. et al. and cutanea tarda 

in chemical and as[;lecas. Proc. Natl. Acad. Sci. USA 72: 5126 - 5129. 

and J.B. (1 Interference among natural An 

metabolite from the ,..nrlrnr\nlll Preussia fleishhakii. J. Natural Products 51: 879 - 883. 

G.C. and Ril1ninate.n 

337-351. 

C. (1 Studies on a case of n"rnn,,.,,::. cutanea tarda. Br. J. Dermato/. 65: 

R.G. (1 Isolation of nn"nhnhi from a urine of a with acute Nature 170: 

614. 

C. et a!. (1 Human o-aminolevulinate nucleotide 

sequence of a 1II_1~'nn'rn cDNA clone. Proc. Natl. Acad. Sci. USA 83: 7703 - 7707. 

G.H. De-novo mutation and nrp.!':Af,tl'ltinn of acute 

intermittent nnr'nM'/r' 

in Western Identification of 

PPOX gene mutation in 104 extent of allelic hel:erclceneitv and absence of correlation between 

of mutation. Am. J. Hum. Genet. 65, 984 - 994. 

J.P. et a!. 

de(:artloX\/lase. EMBO. J. 17: 2463 - 2471. 

M.J. and Purification and 

aminolevulinic acid .,,,.,tn.,t<><,,, and r.nlmn.::Iri!~nn with the 

6826. 

structure of human 

of solubilized 0-

enzyme. J. Bioi. Chem. 247: 6818 -

fold in 

P.and W.J.J. (1 Prediction of the occurrence of the 

J. Mol. BioI. 187: 101 -107. an amino acid sequence T.nru:orrm 

ndE!bank. A.J. and I:SOlnk()VSKV. In: .... " .. "',,,.,1" 

and SK 

.rifi,..",j'inn of insoluble 

from Escherichia coli. In: Current Vol. 1. B.M. 

H.L. D.w. and P.T. and New pp. 6.2.1 - 6.2.15. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

D.A. and B.P. Accumulation of induced 

Plant 632 - 637. 

cDNA 

Genome 7: 349 352. 

In: The N. 

DA and ed.Raven 

pp.505 527. 

at al. Mutational of human 

Biochim. Acta 1298: 294-304. 

K.and T. nv\Jno ... ..rIo ... '~nrj'o,..t ('.nllrnl!'lnrnh\/rlnnnl~n oxidase encoded the 

of Salmonella J. i:1aC:(er#()i. 175: 4990 4999. 

nil"~nl(~k R.J. 

""Yrl ... ",,~~<:oil1.n of a mouse 

nucleotide 

and its localisation on mouse chromosome 7. 

Mutations in the human 

Kura J.D. (1 

Molecular basis of 1""',1'10.,"<>1 el1lthroP()iel:ic ... "rnt""j,,,· 

<:ovn!rn"*~!""gene. Hum. Mutet. 7: 187 -192. 

and heme-mediated ,nn.ro",,,,;n,,.. of the 

level of mRNA rat liver delta-aminolevulinate <:ovrllth::!.l':p. J. BioI. Chem. 263: 15973 - 15979. 

Translocation of o-aminolevulinate <:ovrlth~'t""~:,,, from the 

to the mitochondria and its Il:'YiUld,UUI hemin in the rat liver. J. Bioi. Chem. 255: 1746 - 1751. 

at al. Autonomic 

1030. 

in acute intermittent 

at a!. Partial reactions of bacterial D-amino acid 

transaminase with <:on::!'''::!l1li".::! substituted for the that binds coenzyme nu,'jrjl'l,V<lJ1 !'i·-llhl1il':nlhAt,R. 

Biochem. 31: 11748 11754. 

OSlr'llnaa:aL T. and (.;QIProIPorpn\rnn!ogem oxidase. II. Reaction mechanism and role of 

J. Bioi. Chem. 255: 4727 

Illlii-liUeSllo, J. Ober das MeSOjJlorjJlnYlln H!ODj)e-,~e\'ler"s UIIV,,""JI. Chem. 37: 54 74. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

• 

• 

• 

• 

• 

• 

• 



Univ
ers

ity
 of

 C
ap

e T
ow

n

172 ADfllend'ix 1 

• 1 1 

• is 

• on 

1 

• 9 

• in Ice··COIO 

• 

• in 

• 

• in a 1 

• 

• 1h 

• 

• 
1 

• 1 

(1 

• 



Univ
ers

ity
 of

 C
ap

e T
ow

n

173 

.. 

.. 

.. 

.. 

1 

(1 room 

1 

.. a 

.. 

.. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

.174 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3 

• 14 

• 1 

• 

• 

• 1vv'vv'u in a 

• 

• 

• in 1 room 

• a 

• 1 ....... '"'\.1 ..... in a ..... "~r,.,.,.."" 



Univ
ers

ity
 of

 C
ap

e T
ow

n

• 

• 

• 1 

• 

• 

• 

• 1 

• 

• 1 1 on a 



Univ
ers

ity
 of

 C
ap

e T
ow

n

177 

APPENDIX 4 

HUMAN PPOX eDNA SEQUENCE 

(Nishimura et aI., 1995; Accesion number: 038537) 

Table 4.1: The sequence complementary to the forward oligonucleotide in the study is denoted by a 

single underline (PF), and that complimentary to the reverse oligonucleotide is denoted 

by double underline (PR). codons are single underlined, with mutated bp(s) printed in 

blue or red colour ( --naturally occurring mutants, --self-designed mutants). The 

relative mutant names appear in the right column. The ATG start site and TGA 

termination codons are shown in bold type. 

cDNA sequence 
Mutants/start and 
stop codons 

1 GAATTCGGGG GGAGAACAGA GTGGACGGAG AGTAGGAGAG ACCGAAAAGG CTGGGGGTGG 

61 GAGTAGCGGA TTTGAAGCAC TTGTTGGCCT ACAGAGGTGT GGCAAGCAGA GCACCTCAGA 

121 ACTCAGGCGT ACTGCCCGCC GCCCGAGCCC TGCGAGGGCC GATAGCGAGG GTGTGGCCCT 

181 TATCTGCACC CAGCAGAGCG CCGGCGGGGT ACGGTCTTAG GACCTCGATC TCCTTCTCCC 
CA TCATGGT ATGGCTAGTC C (PF1)* 

241 TCATTTTCTC TCATCCCTAC CTATTGTGGG TTTCCGCATG GGCCGGACCG TGGTCGTGCT Start codon 

301 GGGCGGAGGC ATCAGCGGCT TGGCCGCCAG TTACCACCTG AGCCGGGCCC CCTGCCCCCC G9A, G11A, G14A, H20P 
- - - -

361 TAAGGTGGTC CTAGTGGAGA GCAGTGAGCG TCTGGGAGGC TGGATTCGCT CCGTTCGAGG 

421 CCCTAATGGT GCTATCTTTG AGCTTGGACC TCGGGGAATT AGGCCAGCGG GAGCCCTAGG R59W (R59K, R59S, R591) --
481 GGCCCGGACC TTGCTCCTGG TTTCTGAGCT TGGCTTGGAT TCAGAAGTGC TGCCTGTCCG 

541 GGGAGACCAC CCAGCTGCCC AGAACAGGTT CCTCTACGTG GGCGGTGCCC TGCATGCCCT 
PF2 

601 ACCCACTGGC CTCAGGGGGC TACTCCGCCC TTCACCCCCC TTCTCCAAAC CTCTGTTTTG 

661 GGCTGGGCTG AGGGAGCTGA CCAAGCCCCG GGGCAAAGAG CCTGATGAGA CTGTGCACAG 

721 TTTTGCCCAG CGCCGCCTTG GACCTGAGGT GGCG TCTCTA GCCATGGACA GTCTCTGCCG R168C 
-PR1 

781 TGGAGTGTTT GCAGGCAACA GCCGTGAGCT CAGCATCAGG TCCTGCTTTC CCAGTCTCTT 

841 CCAAGCTGAG CAAACCCATC GTTCCATATT ACTGGGCCTG TTGCTGGGGG CAGGGCGGAC 

901 CCCACAGCCA GACTCAGCAC TCATTCGCCA GGCCTTGGCT GAGCGCTGGA GCCAGTGGTC 

961 ACTTCGTGGA GGTCTAGAGA TGTTGCCTCA GGCCCTTGAA ACCCACCTGA CTAGTAGGGG 
PF3 PR2 

1021 GGTCAGTGTT CTCAGAGGCC AGCCGGTCTG TGGGCTCAGC CTCCAGGCAG AAGGGCGCTG 

1081 GAAGGTATCT CTAAGGGACA GCAGTCTGGA GGCTGACCAC GTTATTAGTG CCATTCCAGC 

1141 TTCAGTGCTC AGTGAGCTGC TCCCTGCTGA GGCTGCCCCT CTGGCTCGTG CCCTGAGTGC 

Table continues to the next page ..... . 
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Table 4.1: Continued 

1201 CATCACTGCA GTGTCTGTAG CTGTGGTGAA TCTGCAGTAC CAAGGAGCCC ATCTGCCTGT 

1261 CCAGGGATTT GGACATTTGG TGCCATCTTC AGAAGATCCA GGAGTCCTGG GAATCGTGTA I Y348C 
PF4 

1321 TGACTCAGTT GCTTTCCCTG AGCAGGACGG GAGCCCCCCT GGCCTCAGAG TGACTGTGAT 
PR3 

1381 GCTGGGAGGT TCCTGGTTAC AGACACTGGA GGCTAGTGGC TGTGTCTTAT CTCAGGAGCT 

1441 GTTTCAACAG CGGGCCCAGG AAGCAGCTGC TACACAATTA GGACTGAAGG AGATGCCGAG 

1501 CCACTGCTTG GTCCATCTAC ACAAGAACTG CATTCCCCAG TATACACTAG GTCACTGGCA 

1561 AAAACTAGAG TCAGCTAGGC AATTCCTGAC TGCTCACAGG TTGCCCCTGA CTCTGGCTGG 

1621 AGCCTCCTAT GAGGGAGTTG CTGTTAATGA CTGTATAGAG AGTGGGCGCC AGGCAGCAGT 

1681 CAGTGTCCTG GGCACAGAAC CTAACAGCTG ATCCCCAACT CTCATTCATG AAAATAAAAA Termination codon 
PR4 

1741 TTGCTGGAGC TCCCGAATCC CGAATTC 

* The primer incorporates the last two histidines of the six histidine tag as well as the first part of 

inserted 8g1 11 restriction enzyme specific cassette which allows one easy release of the PPOX 

sequence for future cloning using 8gl11 and Hind III. 
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Table 5.1 

PPOX 

Wild type 

H20P 

Wild type 

Y348C 

Wild type 

R59W 

R59K 

R59S 

R591 

Wild type 

G9A 

G11A 

G14A 

Site-directed mutagenesis 179 

Designed Oligonucleotides used in site-directed mutagenesis. In each case the mutated DNA bp(s) 

islare underlined. The amino acids encoded by the sequences are shown above and the altered 

amino acids shown in bold. The direction of the oligonucleotide and the annealing temperatures are 

shown on the right. 

Mutation oligonucleotides (S' -» 3') 

S Y H L S R 
CG GCT CAG GTG GTA ACT GGC 

S Y P L S R 
5' Phos-CG GCT CAG G.(2G GTA ACT GGC 

I V Y D S 
GA ATC GTG TAT GAC TCA G 

I V CDS 
5' Phos-GA ATC GTG T.(2T GAC TCA G 

E LG P R G I R P 
T GAG CTT GGA CCT CGG GGA ATT AGG CCA G 

L G P W G I 
5' Phos-CTT GGA CCT IGG GGA ATT AG 

E LG P K G I R P 
5' Phos-T GAG CTT GGA CCT AAG GGA ATT AGG CCA G 

E LG PSG I RP 
5' Phos-T GAG CTT GGA CCT ~GI GGA ATT AGG CCA G 

E L G P IG I R P 
5' Phos-T GAG CTT GGA CCT ATT GGA ATT AGG CCA G 

V V L Gg G G l1 I S G14 L A A 
GTC GTG CTG GGC GGA GGC ATC AGC GGC TTG GCC GCC AG 

VVL A GGI 
5' Phos-GTC GTG CTG GQC GGA GGC ATC 

G G A I S 
5' Phos-TG GGC GGA GQC ATC AGC GG 

GI S ALA A 
5' Phos-GA GGC ATC AGC GQC TTG GCC GCC 

AG 

Direction of 
oligonucleotide 

Reverse 

Forward 

Forward 

Forward 

Forward 

Forward 

Forward 

Forward 

Forward 

............ " .. ~ 
temperatur 
e 
eC) 

53 

50 

57 

51 

51 

51 

57 

57 

59 
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Table 6.1 

411 

390 

were 

UClj~otl!ljes used for peR of eDNA fra(]mll!!nts 

AGACTGTCCATGGCTAGAGA 

CTGCATGCCCTACCCACTG 
TTCAAGGCCTGAGGCAACA 

ACTTCGTGGAGGTCTAGAGA 
CCGTCCTGCTCAGGGAAAGCAAC 
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Table 6.2 

Reaction mixture 

10 x buffer 

25mM solution 

2.5mM dNTP stock 

Forward 

Mutational an~llvsis 

Volume 

5 

5 

2 

on one or more 

1 and 4 

Initial denaturation 

Denaturation 95 

53 

72 

72 

Time 

0.5 

Final concentration 

1 x 

1 x 

1J.1.M 

1unit 

on 

45 
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Time 

Initial denaturation 95 

Denaturation 95 

56 0.5 35 

Extension 

Final extension 

3 

Time 

Initial denaturation 95 

Denaturation 94 1 

65 0.5 32 

Extension 72 

Final extension 72 
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APPENDIX 19 

UV MELTING CURVES SHOWING THE EFFECT OF ACIFLUORFEN 

ON Tm OF R59 MUTANT PPOXs 
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APPENDIX 20 

CD SCANS OF MUTANT PPOXs 
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Observed data for determination of means and standard 

deviations 

235 

Table 21.1: Actual data paints of specific activities of wild type and mutants, from which averaged 

data in table 5.1 is derived. 

PPOX Specific activity (nmolllmg/min) 

Wild type 7243 

7274 

7263 

6818 

Y348C 628 

626 

610 

605 

R168C 1240 

1217 

1314 

H20P 10.33 

11.46 

12.16 

R59W i 21.37 
I 19.87 I 

19.00 

18.67 

R59K 2596 

2734 

2740 

R59S 164.5 

189.4 

186.2 

192.4 

R591 108.3 

108.0 

113.8 

94.10 

G9A 33.13 

40.20 

37.22 

G11A 1.76 

1.47 

1.47 

G14A 2956 

3120 

3054 
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Table 21,2: 

Appendix 18 

Actual data points of substrate binding affinity and catalytic efficiency of wild type 

and mutant PPOXs, from which averaged data in table 5,2 is derived, 

PPOX Km ().lM) kcat (5.1) 

Wild type 0,91 5.72 

0,93 5.49 

0,91 

i 
5,96 

0,68 5,56 

0,84 6,20 

0,81 6.77 

Y348C 1,07 0.52 

1,25 I 0.65 
I 

1.03 I 0,58 

0,94 0.45 

108 0.50 

1,03 0.46 

R168C 1.08 0.98 

0,99 1,02 

1,00 I 1.00 

0.92 I 1.07 

R59W 1,32 0.036 

1,38 0,045 

1.26 I 0.Q38 

1,20 I 0.050 

1 ,13 0.051 

R59K 0,91 2.58 

0.70 I 2,71 

0.88 2.41 

R59S 1.49 0.16 

I 
2,11 0.16 

1.60 I 0,17 

1,59 ! 0.18 

R591 2,16 0,16 

2.02 0,14 

2,08 0,17 

G14A Q,89 409 

0,82 3,73 

0,84 I 3.88 
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Actual data pOints of FAD absorption at 450nm for wild type and mutant PPOXs, from 

which averaged data in figure 5.6 is derived. 

I-'I-'U.Il nm/mg/ml 

Wild type 0.19 

0.19 

0.20 
I 

Y348C 0.20 

10.16 

0.17 

R168C 0.33 

0.29 

10.30 

R59W 0.032 

0.031 

0.30 

R59K 0.29 

I 
0.30 

0.29 

R59S 0.25 

0.23 

,0.24 
i 

R591 0.33 

0.27 

0.26 

G14A 0.33 

0.31 

0.30 
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Table 21.4: 

PPOX 

Wild type 

Y348C 

R168C 

R59W 

R59K 

R59S 

R591 

G14A 

Appendix 18 

Actual data points of leso of the wild type and mutant PPOXs, from which averaged 

data in table 6.1 is derived. 

I leso (~M) 

AF MEAF BV BR 

3.9 I 0.17 38 I No inhibition 
I 

I 3.8 I 0.20 41 

4.6 I 0.17 43 j 
I I 

4.2 I 0.17 41 I 4.5 I 
i 

75.0 59 .3 2.60 

I 
30.4 

65.5 53 .5 3.30 30.5 
I 

70 .0 54 .0 2.90 37.0 

64.4 3.50 39.0 

75 .0 3.10 

73 .0 

39 .5 1.20 0.43 No inhibition 

46.5 1.00 I 0.40 

51 .6 1.00 I 0.38 

I 48.0 1.10 I ! 

I I 
4.00 0.16 

I 
22.0 I No inhibition 

4.20 0.25 22.5 I 
I 

4 .80 0.20 

I 
22.0 I 

I 4.00 0.20 20.0 
I 

3.55 NO NO NO 

3.45 

I 3.00 I 
I 

! 2.40 NO NO I NO 
I I 2.80 

2.80 

0.88 NO NO NO 

0.91 

0.89 

5.8 NO NO NO 

5.9 

5.4 

ND = not determined 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Table 21.5: 

239 

Actual data pOints of kinetic parameters (KI, Ks and a) of wild type and mutant PPOXs 

for inhibitor AF, from which averaged data in table 6.3 is derived. 

I I , 
PPOX Calculated KI (IlM) I Observed KI (IlM) Observed Ks (IlM) 

I 

Wild type 0.20 I 0.20 0.50 

0.25 0.19 0.51 

0.23 0.20 0.53 

0.24 

Y348C 

I 
5.00 I NO NO 
4.40 I 

4.70 I I 

4.30 

5.00 

4.90 

R168C 2.47 2.50 0.33 

2.91 3.80 0.38 
I 3.20 3.10 0.42 I 3.00 I 
I i I 

i 

R59W 0.31 I NO NO 
0.32 

I i 0.37 

I 0.31 
! I 

R50K ! 0.19 

I 
NO 

I 
NO 

i 0.18 

1 0.16 I 
f 

R59S 
I 

0.24 NO i NO 
0.28 

0.28 

R591 0.107 NO NO 
0.110 

0.108 

G14A 0.31 NO NO 
0.32 

0.29 

NO = not determined 
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Table 21.6: 

Appendix 18 

Actual data pOints of T1I25 of wild type and mutant pPOXs. from which averaged data 

in table 7.1 is derived. 

PPOX Tl /2 (0C) 

R59S 60.5 

60.5 

59.8 

Wild type 57.0 

56.0 

57 .0 

57 .2 

G14A 55.5 

56.5 

57.0 

R59K 57.0 

56 .0 

56.0 

R591 54.5 

54.0 

54.0 

R59W 53.0 

52.0 

53.0 

54.0 

Y348C 51 .0 

50.0 

50.0 

50.0 

R168C 46.8 

47.8 

48 .2 

47 .5 




