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ABSTRACT

STUDIES ON HUMAN PROTOPORHYRINOGEN OXIDASE

This study examines the effects of various protoporphyrinogen oxidase mutations
responsible for variegate porphyria, the role of the arginine-59 residue, and the glycines in
the conserved flavin binding site, in catalysis andfor cofactor binding. - Wild type
recombinant human protoporphyrinogen oxidase and a selection of both naturally
occurring and self-designed mutants were generated, expressed and purified. The self
designed mutants included a conservative and two non-conservative arginine-59
replacements, and subsititution of glycine residues at positions 9, 11, and 14 by alanine.

The expression and purification for all protoporphyrinogen oxidases was optimised,
enabling their purification to homogeneity by singie step metal affinity chromatography.
Partial characterisation of these enzymes included investigation of cofactor composition,
kinetic behaviour, inhibitor profiles and physicochemical properties by circular dichroism
spectroscopy and thermal denaturation (T,).

All mutations resulted in reduced protoporphyrinogen oxidase activity to varying degrees.
However, the activity data did not correlate with the ability/inability to bind flavin. The
comparative results suggest that the positive charge at arginine-59 is directly involved in
catalysis and not flavin-cofactor binding. The K,s for the arginine-58 mutants imply that
there is more likely a substrate binding problem than a mechanistic one. Studies
investigating the effect of temperature on activity (T4.) showed that arginine-59 is required
for the integrity of the active site. The secondary structure of protoporphyrinogen oxidase
showed a dominant a-helical content, which was decreased in the mutants. The degree of
a-helix did not correlate linearly with Ty, nor T,, values, supporting the assumption that
arginine-59 is important for catalysis at the active site.

Examination of the conserved dinucleotide-binding sequence showed that substitution of
glycine in codon 14 was less disruptive than substitutions in codons 8 and 11.

Ultraviolet melting curves generally showed a two-state transition suggesting formation of
a multi-domain structure. Generally all mutants studied were more stable to thermal
denaturation compared to wild type, except for R168C.

in comparative inhibitor studies, the aciflurofen inhibitor parameters measured did not
parallel the observed kinetic activities, suggesting that the inhibitor binds near, rather than
at, the active site.

This work illustrates the use of studying expressed, purified mutant protoporphyrinogen
oxidases in elucidating the importance of specific amino acid residues in the study of
variegate porphyria and protoporphyrinogen oxidase structure-function studies, and
identifies a role for arginine 59 in catalysis rather than dinucleotide binding alone.

16 September 2002
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General
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ug micrograms
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CHAPTER1

THE HAEM BIOSYNTHETIC PATHWAY AND THE PORPHYRIAS
LITERATURE REVIEW 1

Introduction

Haem is an iron-containing complex of protoporphyrin 1X, which associates with
numerous proteins and is central to many biological oxidations throughout nature. For
example, haem is the prosthetic group in haemoglobin, myoglobin, microsomal
cytochromes, catalase, tryptophan oxygenase and nitric oxide synthase. In all living
organisms haem is synthesised via a specific pathway involving a series of chemical
reactions and modifications of various porphyrin intermediates. While this thesis
undertakes a detailed study of the penultimate enzyme of haem biosynthesis,
protoporphyrinogen oxidase (PPOX) and various mutant PPOXs, this chapter reviews
porphyrins, haem biosynthesis and the porphyrias in general terms, giving it a broader
context. The focus of this work, PPOX and variegate porphyria (VP) is reviewed in
detail in Chapter 2.

Porphyrins

Structure and chemistry

Porphyrins are rigid planar structures consisting of a macrocycle of four pyrrole rings
linked by four methene bridges (Figure 1.1A) (Falk et al., 1961; Falk, 1964; Marks, 1969;
Adler, 1973; Smith, 1975; Dolphin, 1979; Bissell and Schmid, 1987; Bloomer and Straka,
1988; Kappas et al., 1989; Wyckoff and Kushner, 1994, McDonagh and Bissell, 1998).
Eight side chains can be attached at positions 1 to 8 in the Fischer nomenclature. The
type of side chains determines the physical characteristic of the porphyrin and typically
consists of methyl, ethyl, vinyl, acetate, and propionate substituents. The four pyrrole rings
are designated A, B, C, and D and the four methene bridges a, B, y, and 8. Varying
arrangements of side chain substituents around the porphyrin ring allow the porphyrin
structure to form a number of isomers. The lll-isomer series (eg. uroporphyrinogen Il and
coproporphyrinogen lll) occur in nature and are the biologically active isomers;
uroporphyrinogen | and coproporphyrinogen | isomers are produced non-enzymatically

and are not utilised biologically.



2 ‘ Chapter 1

Figure 1.1 A: Tetrapyrrole structures showing four pyrrole rings of porphyrin joined by methene
bridges
B: Haem structure
C: Tetrapyrrole structures showing four pyrrole rings of porphyrinogen joined by

methylene bridges

Properties v

The porphyrin ring structure is capable of binding metals such as iron and magnesium
within. The.iron-containing complex, haem (figure 1.1B) binds to various proteins and is
central to many biological oxidation reactions and to oxygen transport.. Magnesium-
porphyrin compounds constitute the chiorophylls and are central to solar energy utilisation
in the biosphere. Most naturally occurring porphyrins have ampholytic properties, by virtue
of the fact that they have carboxylic-acid side chains and basic nitrogen atoms making
them soluble.in both aqueous acid and aqueous alkali. Porphyrins with a high number of
carboxyl groups (8 — 4) are hydrophilic and are excreted in the urine, whereas those with
fewer carboxylic groups (2 — 4) are lipophilic and are excreted through the hepatobiliary
route. Both types of porphyﬂrins bind to various proteins and phospholipids in plasma.

Porphyrins are highly conjugated structures of bright colour that fluoresce red in the near
ultraviolet (UV) (+ 400nm). The absorption spectra of porphyrins show absorption in the
visible (VIS) regions of the electromagnetic spectrum with a major band in the region of
400nm called the Soret band (Soret, 1883). The main absorption bands have very high
extinction coefficients (up to 4 x 10° M). The porphyrinogens (Figure 1.1C) (in which the
methene bridges are reduced to methylene bridges) are colourless and do not fluoresce.
They are unstable and can easily oxidise to the corresponding porphyrins when exposed
to air. Thus, the haem pathway intermediates are generally'in the porphyrinogen form
except for protoporphyrin 1X, which is used as the subétrate during the insertion of iron by
ferrochelatase (FC) (Bonkdvsky et al., 1975; Dailey, 1990, 1996)."
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Haem biosynthetic pathway

The haem biosynthetic pathway is a well-defined pathway in mammals starting in the
mitochondrial matrix with the condensation of succinyl-coenzyme A (succinyl CoA) (from
the citric acid cycle) and the amino acid glycine to form 5-aminolevulinic acid (ALA). The
pathway continues in the cytosol and ultimately returns to the mitochondrion when
protoporphyrinogen X is synthesised. Briefly, the process starts by condensation of
glycine and succiny!l CoA to form ALA. The mitochondrial enzyme ALA synthase (ALAS)
catalyses this reaction. Thereafter, a series of cytosolic enzymes are involved, starting
with the conversion of ALA to porphobilinogen (PBG) through the condensation of two
ALA molecules. The enzyme ALA dehydratase (ALAD) catalyses this reaction. The next
step involves condensation of four pyrrole rings, resulting in the conversion of PBG to
hydroxymethylbilane. This reaction is catalysed by PBG deaminase PBGD.
Uroporphyrinogen Ill synthase (UROSII) then catalyses the ring closure and
intramolecular rearrangement of the pyrrole ring D, to form uroporphyrinogen il
Uroporphyrinogen decarboxylase (UROD) catalyses the conversion of uroporphyrinogen
Il to coproporphyrinogen il by stepwise decarboxylation of four acetate side chains. At
this stage, the pathway re-enters the mitochondria with the conversion of
coproporphyrinogen Il to protoporphyrinogen IX. The enzyme coproporphyrinogen
oxidase (CPOX) catalyses this step through oxidative decarboxylation of two propionate
groups of rings A and B to vinyl groups. Considering the reducing environment present in
the mitochondrion, an enzyme is required to oxidise protoporphyrinogen IX to
protoporphyrin IX. PPOX catalyses this oxidation. Haem synthesis is completed by the
insertion of iron into protoporphyrin IX by FC. Despite the fact that porphyrins are often
described as intermediates of the haem biosynthetic pathway, it is importavnt to recognise
that it is their reduced porphyrinogen forms that are the true haem intermediates.

Generally the rate of the haem production is regulated by a complex system of negativé
feed back control on ALAS activity, primarily by haem. It is further complicated by the fact
that erythropoietic and “housekeeping” (hepatic) haem synthesis appears to be regulated
via different mechanisms.

The porphyrias

Inborn metabolic disorders of haem biosynthesis in which specific patterns of
overproduction of haem intermediates are associated with characteristic clinical features.
This group of diseases is referred to as the porphyrias. The specific syndromes of the
porphyrias will be considered in more detail in a later section. Most are inherited as
Mendelian autosomal dominant conditions, some are recessive and one form is acquired.
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Historical perspective of porphyrins, the porphyrias and the haem
biosynthetic pathway

Discovery of the porphyrins

Scherer (1841) first alluded to porphyrin pigments. To demonstrate that the red colour of
blood was not due to iron, he added concentrated sulphuric acid to dried powdered blood,
and washed the precipitate free of iron. He then treated the iron-free residue with alcohol
and applied heat. The end result was a residue that was_blood—re_-vd”»in colour. Similar
experiments were conducted by other scientists (Lecanu, 1837;'Ber‘zfélms, 1840; Mulder,
1844). Mulder called the purple-red fluid "iron-free haematin”, and Thudicum (1887) called
the red substance “cruentine” based on the fluorescence of this material with a splendid
blood-red colour. Hoppe-Seyler (1871) renamed the substance haematoporphyrin after

the Greek “porphuros” meaning purple.

Discovery of the porphyrias

The first case of porphyria was recorded by Schultz (1874). A numbers of case reports
" describing porbhyria resulting from sulpho'nal drug administration followed (Kast, 1888;
Stokvis, 1889; Harley, 1890; Ranking and Pardington, 1890; McCall-Anderson, 1898). In
all these reports the common feature was the excretion of dark red urine containing
haematoporphyrin and was associated with skin photosensitivity and sometimes, acute
symptoms. The photosensitising property of porphyrin was tested by Meyer-Betz (1913)
by injecting 200mg of hematoporphyrin into his own veins. On his exposure to sunlight, he
observed 'm'arked‘ photosenéitivity on his exposed skin. In addition to sulphonal, several
other drugs that were capable of provoking patients with porphyria into an acute form
were nbted. These drugs were identified through recognition of their effect by clinical
observation and by experimental animal studies.

Fischer, (1916) showed that porphyrin excreted in urine following sulphonal administration
was aétually quite discrete from hematbporphyrin. Nencki and Sieber (1888) showed that
hematoporphyrin was a dicarboxylic porphyrin -and both carboxyl groups could be
esterified. They named this mesoporphyrin (Zaleski, 1903). Saillet, (1896) prepared
“urospectrine” from urine. Later this was named coproporphyrin by Fischer and Zerweck,
(1924). They also showed a colouriess chromogen - compound in urine,
coproporphyrinogen Ill. Protoporphyrin IX was prepared by Laidlaw (1904). The structure
of haem was proposed by Kister, (1912) but others rejected it because they had doubts
about the stability of such a large ring structure. Fischer, (1915) and others differentiated
between natural haem and hematoporphyrin, which was correctly named protoporphyrin
IX. In 1937 the term “porphyrias” came to be associated with diseases of porphyrin
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aeruginosa ALAD showed differences in the monomers of each dimer (in that one had a
“closed” and the other an “opened” active site pocket). A single well-defined and highly
hydrated Mg®" was identified in the active site of both monomers. A structure-based
mechanism of action involving Mg® allosteric binding at the active site and rate
enhancement has been proposed, based on this information (Frankenberg et al., 1999).

Furification and molecular sizes: ALAD purification has been reported from yeast (De
Barreiro,‘ 1967), R. sphaeroides (Nandi et al., 1968), human erythrocytes (Anderson and
Desnick, 1979; Gibbs et al., 1985), bovine liver (Bevan et al., 1980; Jordan and Seehra,'
1986), and spinach (Liedgens et al., 1983).

Human ALAD is a homo-octamer with subunits of 36 274 Da (Wetmur et al., 1986). This is
identical to E. coli ALAD, which presented identical subunits of 36544 Da (Spencer and
Jordan, 1993). ALAD from unicellular green algae, Scenedesmus obliqus had a molecular
weight of 282000 Da with six subunits of 42000 Da arranged in a ring (Stoltz and
Dornemann, 1996). It appears‘therefore, that generally ALAD exist as an octamer with a
molecular weight of approximately 280000 Da with identical units of approximately 35000
Da each (Jordan, 1990).

Gene sequence: The gene has been sequenced from various sources including
human (Witmur et al., 1986), mouse (Bishop et al., 1996), E. coli (Echelard et al., 1988),
pea (Pisum sativum L.) (Boese et al., 1991), Bradyrhizobium japonicum (B. japonicum)
(Chauhan and O’ Brian, 1993), soyabean (Kaczor et al.,, 1994), Chlamydomonas
reinhardtii (C. reinhardtiiy (Matters and Beale, 1995), and P. aeruginosa (Frankenberg et
al,, 1998). The enzyme is present in all organisms that require the biosynthesis of
tetrapyrroles (Jordan, 1991; Chadwick and Ackrill, 1994). Human ALAD is encoded by a
gene localised at chromosome 9q34 (Wetmur et al., 1986). The human ALAD gene
contains two promoter regions in a single gene that generates housekeeping and
erythroid-specific transcripts by alternate splicing (Kaya et al., 1994; Bishop et al., 1996).
The expression of these erythroid-specific transcripts is to ensure sufficient haem
biosynthesis for the high level tissue-specific production of haemoglobin (Kaya et al.,
1994).

Enzyme inhibition:  Several ALAD inhibitors have clinical significance. The enzyme is
inhibited by iead (Moore and Goldberg, 1985; Duydu et al., 2001), alcohol (Moore et al.,
1984), and succinyl acetone, a structural analogue of ALA (Lindblad et al., 1977; Tschudy
et al., 1981, Kappas et al., 1995; Erskine et al., 2001).

The effect of inhibitors on the study of enzyme structural mechanism has been studied
(Cheung et al., 1997). Succinyl acetone may be overproduced in patients suffering from
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hereditary tyrosinemia (Lindblad et al., 1877). The patients suffér from a functional ALAD .
deficiency and may experience acute porphyric-like symptoms (Rank et al., 1991). Many
4-ketoacids such as 4-ketopentanoic acid interact with ALAD to form a Schiff-base. Many
inhibitors derived from such compounds has been syn‘thesié'ed-- and act as competitive
inhibitors by forming a Schiff-base at the PFP-site (Neier,: 1996) and can be linked
irreversibly to the enzyme (Spencer and Jordan, 1995; Cheung et al., _1997)-.' Irréngsjgl‘e,
éhzyme inhibition has also been reported in étyrene and bromo'blen'zene poisoningb (Akagn
et al., 1992). “

Assembly of the tetrapyrrolic (porphyrinogen) macrocycle

Biosynthesis of hydroxymethylbilane by PBG deaminase (EC4.3.1.8)

Reaction and Mechanism: The PBG deaminase enzyme performs its catalysis at the
active site by deamination and polymerisation of four PBG molecules (Figure 1.5) (Awan
et al, 1997). PBG deaminase is unique in that it is covalently attached to a
dipyrromethane cofactor at the active site that binds substrate molecules during
sequential assembly of the linear tetrapyrrole molecule (Jordan and Warren, 1987). The
structure of the dipyrromethane cofactor and its site of attachment to the enzyme have
. been characterised. The dipyrrole is cova!éntly linked to the enzyme through a conserved
cysteine via a thioether linkage (E. coli, Cys-242) (Miller et al., 1988, Louie et al., 1996).
The dipyrrolic cofactor then acts as a primer, and is elongated in a stepwise mechanism
one PBG unit at a time‘, thrbugh enzyme-substrate (ES) intermediate complexes, ES (with
one PBG attached); ES, (twé PBGs attached); ES; (three PBGs attached); and finally ES,
(four PBGs attached) to form the tetrapyrrolic product, hydroxyméthylbilane. The product
is then released by> hydrolytic cleavage, regenerating the enzyme-dipyrromethane intact
(McNeill and Shoolingin-Jordan, 1998). Consequently the two proximal F’BGs (i.e., the
dipyrromethane cofactor) remain covalently linked to the enzyme and are not turned over.

COOH

~ cooH AN\L_NH HN

PBGD HO
4 X /3 > JNH HN"N

A

v 3
HN rta 4 NH,
PBG ‘ Hydroxymethylblane
Figure 1.5: Biosynthesis of hydroxymethylbilane from PBG by PBGD. A = acetate,

P = propionate. -
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production of the "C-labelled protoporphyrin IX from labelled coproporphyrin Il
(Grandchamp and Nordmann, 1982).

Purification and molecular sizes: CPOX has been purified to homogeneity from
different species such as rat (Batlle et al., 1965), bovine liver (Yoshinanga and Sano,
1980; Kohno et al., 1993), S. cerevisiae (Camadro et al., 1986), and mouse liver (Bogard
et al., 1989). Human CPOX was expressed in £. coli and purified to homogeneity for
characterisation. The protein is a nearly globular homodimer with subunits of molecular
weight approximately 39000 Da (Medlock and Dailey, 1996; Martasek et al., 1997).
Spectroscopic analysis of purified protein did not show any detectable redox active
metals. This is in contrast to other studies that indicate that the mouse enzyme was a

metalloprotein associated with Cu®* as essential cofactor (Kohno, et al., 1996).

The CPOX amino acid seduences derived from S. cerevisiae (Zagorec et al.,' 1988),
mouse (Kohno et al.,, 1993), soyabeans (Madsen et al., 1993), Salmonella typhimurium
(Xu and Elliot, 1993), and human (Martasek et al., 1994a) were compared by progressive
alignment and demonstrated a protein with 32% homology. Human and S. cerevisiae
CPOX revealed 49% homology. The carboxyl-terminal parts of the two proteins are highly
conserved when compared to the amino-terminal part. The amino-terminal domain of the
mammalian CPOX is known to direct the protein into the intermembrane space of the
mitochondria (Elder and Evans, 1978a; Grandchamp et al., 1978; Dailey, 1990) and is .
positively charged.

The cDNA sequence encoding human CPOX has been cloned, sequenced and
characterised (Martasek et al., 1994a; Delfau-Larue et al., 1994; Medlock and Dailey,
1996). The cloned gene and the N-terminal amino acid sequence of purified CPOX
contains a 110-amino acid N-terminal signal peptide, and this signal peptide is removed
on fransportation into intermembrane space of mitochondria, where mature enzyme
resides (Martasek et al., 1994a; Delfau-Larue et al.,, 1994). The length of this leader
sequence from mouse liver was initially proposed to be 31 amino acid residues (Kohno et
al., 1993; Taketani et al., 1994).

Gene sequence: Cloning and characterisation of human CPOX cDNA (Delfau-Larue
et al., 1994) revealed a single gene with multiple transcriptional initiation sites. The gene
spans approximately 14 kb and consists of seven exons and six introns. The gene was
mapped to chromosome 3q12 (Cacheux et al., 1994). Potential regulatory elements have
been identified in the GC-rich region. These consist of six Sp1, four GATA, and one
CACCC sites. It is postulated that a single promoter may be differentially .regulated in
erythroid and nonerythroid tissues (Taketani et al., 1994; Martasek et al., 1994), and
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CPOX transcripts increase during eythroid cell differentiation. (Conder et al 1991,
Taketani et al., 1995a). The CPOX gene also contains two polyadenylation sign,‘éls‘jgt,ha_t”
are separated by 126 ‘base pairs (bps) (Martasek et al., 1994a). These two. signals,
diffe‘réht"ly utms?“édmaypossubly play a role in tis‘,ég‘e‘-ﬁspecifi‘c expression of CPOX mRNA
(Marisisek st al.; 1097).

Enzyme inkibition: CPOX activity in human lymphocytes is inhibited by low
concentrations of metals such as cadriium and mercury. Other organometal compounds
- (tetraethyl lead, tributyltin, and methylmercury) also inhibit CPOX activity. Haem
breakdown products, haemin and bilitubin (BR) inhibit CPOX activity non-competitively at
low concentration (Batlle et al., 1965; Woods and Southern, 1989; Rossi et al., 1992).

Oxidation of protoporphyrinogen IX and insertion of iron

Oxidation of Protoporphyrinogen IX to Protoporphyrin IX by Protoporphyrinogen .
Oxidase (EC1.3.3.4) ,

PPOX, the penultimate enzyme in the haem biosynthetic pathway, catalyses the
oxidation of protoporphyrinogen IX to protoporphyrin IX (Porra and Falk, 1964;
Poulson and Fsolg‘tase,.-1975; Dailey, 1990). The reaction involves the six-electron
oxidation of the photodynamically inactive substrate, protoporphyrinogen IX, into a
fluorescent product, protoporphyrin IX (Cox and Whitten, 1983, Girotti and Deziel, 1983).
This enzyme forms the basis of this dissertation and is discussed in detail in Chapter 2.

Insertion of iron by Ferrochelatase (EC4.99.1.1)

Reaction and Mechanism:  The last step of the haem biosynthetic pathway is catalysed
by FC. Ferrous iron (Fe') is inserted into the protoporphyrin IX macrocycle to form haem
(Figure 1.9) (Goldberg et al., 1956; Bugany et al., 1971; Bonkovsky et al., 1975; Dailey,
1990,1996). FC is located on the matrix side of the inner mitochondrial membrane and the
mechanism of action appears relatively conserved among species. All have similar
substrate specificity with their natural substrates being Fe® and protoporphyrin IX (Dailey,
1996). FC can in addition to Fe?" incorporate other metal ions such as Co® and Zn® into
protoporphyrin IX (Camadro et al., 1984) in vitro. Various bivalent metals (Mn?*, Cd*,
Hg?*, and Pb?") are competitive inhibitors for all FCs examined to date (Dailey et al, 2000).
Enzyme activity is stimulated by fatty acids (Labbe et al., 1968; Sawada et al., 1969).
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(Hannsson and Hederstedt, 1992), Arabidopsis. thaliana (A. thaliana) (Smith et al., 1994),
and barley and cucumber (Miyamoto et al.,, 1994). FC from all these sources exhibits
similar properties.

Gene sequence: The human FC gene was isolated from a placental cDNA library
using a radiolabelled mouse cDNA fragment. The gene is encoded by a single gene
consisting of 11 exons that spans approximately 45 kb (Brenner et al., 1992), and the
chromosomal DNA is localised to chromosome 18q 21.3 (Taketani et al., 1992). A single
FC gene is regulated so as to prove for both housekeeping and erythroid-specific
functions (Brenner and Frasier, 1991; Brenner et al., 1992). The promoter region contains
a CpG island and a Sp1-driven promoter appears to be sufficient for FC expression in
non-erythroid cell lines. Erythroid specificity is mediated via GATA-1 and NF-E2 elements.
Further studies also suggest a role for chromosomal/chromatin structure and cis-acting
elements in the regulation of the FC mRNA production in erythroid tissue (Tugores et al,
1994; Magness et al, 1998).

Haem Regulation in Erythroid and Non-erythroid tissues

Haem synthesis in mammals is normally an extremely efficient, tightly controlled process
in which the amount of haem produced closely matches the needs of the body (Bloomer
and Straka, 1988). This implies that enzymes involved in haem synthesis are normally
able to use all of the substrate presented to them, that they can handle an increased flux
through the pathway and that the pathway may be subjected to some form of “feedback”
control. Indeed, there is much evidence to suggest that, at least in the liver and all
nonérythroid tissues, haem itself modulates its own rate of production, principally at the
level of ALAS, which is considered the rate*détermining enzyme of the pathway. This tight
regulation of liver cell haem occurs by several mechanisms (May and Bawden, 1989,
Andrew et al., 1990).

Non-erythroid tissues

Firstly, haem regulates its own synthesis by controlling the amount of ALA-S1 mRNA. This
occurs primarily at the transcriptional level (Srivasata et al., 1988; Yamamoto et al., 1988).
Studies in avian systems suggest that this effect may be mediated by decreasing the
stability of ALA-S1 mRNA, and therefore its half-life, thus minimising protein synthesis
(Drew and Ades, 1989; Hamilton et al., 1991). Indeed, in mammals, the half-life of ALA-S1
is less than an hour, and half-life for the protein in the mitochondria is even shorter.

Secondly, haem synthesis may be controlled at an ALAS posttranslational level in which
haem blocks translocation of pro-ALAS from cytosol into mitochondrion (Yamauchi et al.,
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1980; Ades and Harpe, 198ﬁ; Hayashi et al., 1983; Srivastava et al., 1983; Drew and
Ades, 1989). This is mediated by two cysteine-containing haem regulatory motifs in the

Jleader sequence (Lathrop and Timko, 1993).

iErythroid tissues

-The control mechanism of ALA-S2 in erythroid tissues is different (Ponka, 1997). ALA-82
"is controlled primarily at the transcriptional level by efythroid-speciﬁc transcription factors
vinteracting with non-coding regions of the gehé (Cox et al., 1991; May et al., 1995). The
same factors are involved in induction of globin synthesis following induction of haem
synthesis indicating the importance of haem pér se as a regulatory molecule (Sassa,
1998).

ALA-S2 may also be controlled at posttranscriptional level but differently from non-
erythroid tissue. In the ALA-S2 gene there is a c{s-acting regulatory iron element in the 5'-
UTR (Cox et al., 1991) that is similar to the stem-loop structure occurring in the 5-UTR of
ferritin mRNAs (Klausner et al., 1993). In this control mechanism, a protein binds to the
nron regu!atory element and mhsb:ts trans!atson of mRNA. However in the presence of
sron, the protein dissociates and the mRNA binds to the ribosomes and is translated
(Melefors et al., 1993). The translation of A_LA-SZ mRNA is therefore coupled to the
availability of irdn. In the leader "séquence_ of ALA-S2, there are identical cysteine-
cbntaining haem regmatory moti_fS to those found in the ALA-S1 gene, and it has been
suggested that similar mechanisms of haem-médiated feedback inhibition may occur in
erythroid haem synthesis (Lathrop and Timko, 1993) Thus translocation of ALAS to the
mntochondnon may also be a controlled event in erythro;d tissue.

The Porphyrias

The porphyrias are characterised by a reduction in the activity of one or other of the
enzymes in the haem biosynthetic pathway (Table 1.1) (Waldenstrom, 1957; Brodie et al.,
1977, Elder, 1982; Rimington, 1985; Grandchamp and Nordmann, 1988; Kappas et al.,
1989). Most are Mendelian autosomal dominant 'disorders; someé are recessive or
acquired disorders. In the inheriied porphyrias mutations have been identified in genes
encoding specific haem pathway enzymes, with resultant defective protein structure or
reduced énzyme Synthesis (Moore et al., 1987). The 'énzyme deficiency potentiaily blocks
production of the end product haem, which" may activate the rate-controlling enzyme
ALAS, consequently resulting in an increase in production (and excretion) of haem
precursors. In some circumstances, more thah one enzyme may be affected (Watson et
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al., 1975; Day et al., 1982; Martése}k et al., 1983; McColl et al., 1985; Doss, 1989;
Sturrock et al., 1989; Nordmann et al.-1990; Gregor et al., 1994). :

A particular type of porphyria may be identified, demonstrating a characteristic excretion
pattern of porphyrins and precursors in the urine and faeces (Moore et al., 1987). The
more water-soluble porphyrin precursors ALA and PBG are excreted mainly in the urine.
Other porphyrins that are not water-soluble are excreted mainly in the faeces by way of
the bile.

Clinically the porphyrias may be characterised by a propensity to acute neurovisceral
crises, photosensitive skin disease, or both. The signs of the acute porphyric attack
invariably include severe abdominal pain and may include nausea, vomiting and paralysis.
The pathogenetic mechanisms whereby the acute attack is established are poorly
understood. The most likely hypotheses include ALA neurotoxicity and haem deficiency,
acting either directly within the neuron or via a deficiency of one or more essential

haemoproteins (Meyer et al, 1998).

The skin may present as a classic photodermatitis with increased fragility and lesions of
the sun-exposed surfaces. Occasionaly, patients who suffer repeated trauma and
constant exposure to the sun develop progressive pseudosclerodermatous changes on
the hands and fingers. Facial features may include hypertrichosis, thickening, grooving,
and premature ageing (Meissner et al., 2002). The photocutaneous lesions result from the
accumulation, in tissues, of oxidised porphyrins that can absorb ultraviolet and visible light

energy to produce free-radical species.

The porphyrias have a worldwide distribution with some countries having an exceptionally
high frequency (eg. AIP in Northern Scandinavia and VP in South Africa). The high
frequency of VP in South Africa has been attributed to a founder effect (Dean, 1971;
Meissner et al., 1987, 1996). A detailed study of this disorder will follow in the next
chapter.
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. Table 1.2: Enzyme etiology, clinical involvement, pattern of inheritance and chromosomal
“ location
A Acute porphyria
Acute Enzymes Acute attack/ Inheritance Chromosome
Porphyric Photosensitivity location
Disorder -
ALADP ALA Dehydratase AA AR 9q34
o (PBG Synthase)
AP PBG deaminase AA AD 1124.1-q24.2

(Hydroxymethylbilane synthase)

HCP Coproporphyrinogen oxidase AA +PS AD 3qg12

VP Protoporphyrinogen oxidase AA+PS AD 1g21-923

B . Non-acute porphyria

Non-acute | Enzymes v Acute attack/ inheritance | Chromosome
Porphyric . Photosensitivity location
Disorder

CEP Uroporphyrinogen Ili Synthase PS AR 10925.2-g26.3
PCT Uroporphyrinogen decarboxylase | PS AD 1p34

EPP Ferrochelatase PS AD 18g21.3

Abbreviations:

PBG = PBG ALA = Aminolaevulinic acid
ALADP = ALA dehydratase porphyria AlP = Acute intermittent porphyria
HCP = Hereditary coproporphyria VP = Variegate porphyria

CAA = Acute attack , PS = Photosensitivity

AD = autosomal dominant ‘ AR = autosomal recessive

CEP = Congenital erythropoietic porphyria

PCT = Porphyria cutanea tarda EPP Erythropoietic protoporphyria
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The specific syndromes of porphyria

ALA Dehydratase deficiency

ALA dehydratase porphyria (ALADP) also known as plumboporphyria or “Doss”
porphyria is an extremely rare autosomal recessive disorder and has its initial
presentation during infancy and in adolescence (Doss et al., 1979; Thunell et al.,
1987, Fujita et al.,, 1987; Kappas et al., 1995). Reduced ALAD activity has been
demonstrated in erythrocytes (Doss et al.,, 1982; Doss and Sassa, 1994) and
lymphocytes (Sassa et al., 1991). Five cases have been reported since the first
description in 1979. Three of the patients have been shown to be compound
heterozygotes bearing a single base substitution, unique to each patient, on each
allele (Sassa, 1998); the other two are true homozygotes (De Verneuil et al., 1985).

Molecular Biology: The disease was first described at a molecular level in a German
patient shown to be a compound heterozygote for two separate point mutations
(A274T and A240W) (Ishida et al., 1990). Expression of the two mutant cDNA genes in
Chinese hampster ovary (CHO) cells, demonstrated that A274T had little activity
compared to A240W that has partial activity. Pulse-labelling studies demonstrated that
the A240W mutant resulted in enzyme with a shortened-half life and A274T resulted in
limited synthesis of a protein with a normal half-life (Ishida et al., 1992). It was
suggested that survival of the patient is due to the residual activity of A274T mutant
enzyme since A240W mutant enzyme is non-functional. A Swedish child has aiso
demonstrated compound heterozygosity (Plewinska et al., 1991). The two missense
mutations, G133R and V275M, occur at a CpG dinucleotide, and may alter the
structure of the functional regions of the enzyme unit. Patients with such mutations,
alone, do not present any clinical consequences (Bird et al., 1979).

PBG Deaminase deficiency

AlP is the clinical syndrome associated with PBGD deficiency. This is the commonest of
the acute porphyrias and is transmitted as an autosomal dominantly inherited disorder
with incomplete penetrance. There is a 50% decrease in PBG deaminase activity in all
tissues including erythrocytes in most patients (Strand et al., 1972; Doss and Sassa,
1994). Decreased PBG deaminase activity has been detected in tissues such as liver
(Miyagi, 1970), fibroblasts or in transformed lymphoblast culture of the affected patients
(Meyer, 1973; Sassa et al.,, 1978; Kappas et al., 1989). Some individuals who carry a
gene mutation associated with AIP do not show any clinical symptoms and may remain
biochemically silent (Lamon et al., 1979; Kappas et al., 1989; Anderson et al., 1990).
Clinical symptoms includé the acute attack only. High prevalence AIP has been reported
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in Europe (1-2/10000) by Elder et al., 1997. In Finland the prevalence has been estimated
at 2/1000 (Mustajoki et al., 1992).

Molecular biology:  The PBG deaminase gene was the first to be sequenced in a
human porphyria, and the molecular genetics df AlP were the first to be analysed in detail
(Mustajoki and Desnick, 1985). Over 120 mutations causing AIP have been identified
(Astrin and Desnick, 1994; Puy et al., 1997). Most of these mutations lie in the region of
the gene that is common to both the erythroid and non-erythroid isoenzymes. Four of the
mutations lie in and around exon 1, affecting the activity of the housekeeping isoenzyme,
leaving erythroid PBGD isoenzyme active (Kauppinen et al., 1995). This accounts for the
small population of families with AIP who have a noﬁnal erythrocyte PBGD activity. Three
of these mutations disrupt splicing of exon 1 while the remaining one blocks initiation of
translation (Kauppinen et al., 1995). The mutations are heterozygous. No large deletions
have been shown. Twenty five % of mutations code for small insertions or deletions (1 —
30 nuclectides), resulting in translational shifts, leading to premature termination of protein
synthesis. Another 156% of the mutations are !ocatéd at exon-intron junctions prevented
normal splicing of primary transcripts or base substitutions that create stop codons leading
to incomplete translation of mRNA. About 45% of mutations have a single base
substitution resulting in amino acid substitution. Protein encoded by a mutant allele may
be absent (85% of cases) or stable with abnormal catalytic properties ’(15% of cases)
(Grandchamp et al, 1989a,b; Chen et al., 1994).

There is high variability in the prevalence of AIP mutations. Mutations investigated from
Finland and France (Kauppinen et al., 1995; Puy et al., 1997) revealed a similar pattern
with 52 — 60% of mutations clustered in exons 10, 12, and 14. About half of the mutations
(44 — 56%) produce amino, acid substitutions affecting the coding region of the gene.
Some mutations are prevalent in countries like Sweden (W198X) (Mgone et al., 1992),
Holland (R116W) (de Rooij et al., 1995), and Argentina (G111R) are reported and
ascribed to a founder effect (Lee and Anvret, 1991'; De Sjervi et al., 1996). About 10% of
unrelated families in United Kingdom share the R173W mutation in exon 10 (Whatley et
al., 1995).

Uroporphyrinogen il Synthase deficiency

The clinical syndrome associated with a deficiency of UROSII is the rare congenital
erythropoietic porphyria (CEP), inherited as an autosomal recessive erthropoietic
porphyria (Kappas et al., 1995; McGovern et al., 1996) and presents with porphyric skin
disease alone. Onset of CEP diﬁease is normally from birth with some reports of late-
onset cases (Deybach et al., 1987; Xu et al., 1996). The disease primarily affects haem
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synthesis in the erythroid compartment. Severe UROSIII deficiency results in failure of
production of physiologically releifé‘ﬁ? series Il porphynn isomers, and series | isomers of
uroporphyrin, and its decarboxylated derivatives accumulate as a result of spontaneous
cyclisation and decarboxylation. Apart from photomutilation (usually severe), clinical
features include haemolysis, mild splenomegaly and anaemia. Mutations have been
identified in diverse racial and demographic groups such as Japanese, Indians, Northern

Europeans, Hispanics, and African Americans.

Molecular Biology:  Some patients are homoallelic for a specific mutation whereas
others are heteroallelic. The most common mutations are C73R, L4F, T288M, and S212P.
A wide variety of UROSHI mutations have been reported including 12 single base
substitutions, one nonsense and 11 missense mutations, a large deletion with two
insertions, and three splicing mutations (de Verneuil et al., 1989; Wamer et al., 1990;
Deybach et al., 1990; Boulechfar et al., 1992; Bensidhoum et al., 1995; Xu et al., 1995;
Tanigawa et al., 1996). Four single base changes (T288M, G225S, A66V, and A104V)
occur at a hypermutatable CpG dinucleotide (Barker et al., 1984; Cooper and Krawezak,
1990). There is evidence for some genotype-phenotype correlation in CEP. Thus the
C73R mutation results in the detection of <1% of normal activity when expressed in E.
coli. Human homozygotes for this mutation appear to demonstrate an extremely severe
phenotype, which may include profound anaemia, hydrops fetalis and transfusion
dependency at birth. Patients who carry both C73R and a second mutation, which
appears to express somewhat more residual activity may demonstrate a moderately
severe phenotype; whereas patients who are allelic for mutations with more residual
activity have milder forms of CEP (Desnick et al., 1998).

Uroporphyrinogen Decarboxylase deficiency

UROD deficiency results in porphyria cutanea tarda (PCT), which is the most common
form of porphyria encountered in most countries and may be inherited or acquired
(sporadic). PCT can be divided into these two main typés based on measurements of
erythrocyte enzyme activity (De Verneuil et al., 1978). Both types (sporadic and familial
forms) are clinically indistinguishable. In sporadic PCT, UROD deficiency occurs in the
hepatic tissues with erythrocyte UROD remaining active (Garey et al., 1993). In familial
PCT, UROD deficiency occurs in all tissues including hepatic and erythroid (Elder, 1988).
Clinical manifestations of PCT consist of skin photosensitivity (Grossman et al., 1979;
Mascaro et al., 1986) on light-exposed skin. Porphyrin profiles show increased
uroporphyrin and heptacarboxylic porphyrins, pentacarboxylic porphyrin and a small
amount of isocoproporphyrin in urine and plasma (Seubert et al., 1985). In faeces,
porphyrin fractionation shows a large fraction of isocoproporphyrin, followed by
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heptacarboxylic, hexacarboxylic, and pentacarboxylic porphyrin (Smith and Francis,
1983). : ‘

Molecular biology (Familial PCT):  About 20% of patients with PCT represent familial
PCT in which it is inherited as an autosomal dominant trait but with low clinical
penetrance: Most clinically expressed cases of familial PCT will be found to have
associated risk factors known to produce sporadic PCT, though the average age of onset
may be earlier (De Verneuil et al., 1978; McManus et al., 1988; Elder et al., 1989; Held et
al., 1989, Koszo et al., 1992). This suggests that in many cases, the presence of a mutant
UROD is not of itself sufficient to result in clinical symptoms, but that when exposed to
factors thought to inhibit UROD, the threshold for devefopment of symptoms is lower.

At least 34 UROD gene mutations have been shown in familial PCT. Most are restricted to
single families (Garey et al., 1989; McManus et al., 1996; Sorkin et al., 1996; Moran-
Jimenez et al.,, 1996). Where patients are homoallelic for a UROD mutation, or are
heteroallelic for two such mutétions, é severe phenotype referred to as
hepatoerythropoietic porphyria (HEP) may result (Roberts et al., 1995a, McManus et al.,
1996; Moran-Jimenez et al., 1996). HEP is expressed clinically as severe photosensitivity
with overproduction of porphyrin associated with onset during early childhood (Elder and
Roberts, 1994; Moran-Jimenez et al., 1996). - |

Conditions associated with sporadic PCT: = Sporadic PCT is clearly associated with a
number of associated, and presumably causally ré.lafced, factors. These include hepatic
iron overload, alcohol cohsumption, oestroge'h thevrapy, virél infection — particularly
hepatitis C virus (HCV) and human immunodeficiehcy virus (HIV) — certain hydrocarbon
based toxins such as hexachlorobenzene and }are!y, some systemic disorders including
syStemic lupus erythematosus and lymphoma (Doss et al.,, 1972, Dehlin et al., 1973; Hift
and Kirsch, 1995; Elder, 1998;). In nearly all cases of PCT, at least one of these disorders
is present; frequently, several are present in combihation. Patients with chronic renal
failure and patients treated with chronic diélysis may develop PCT (Day and Eales, 1982,
Moore et al., 1987).

Excess iron has been reported to inhibit UROD activity in vitro (Kushner et al., 1975).
Increased liver iron stores have been shown in many cases with increased ferritin and
transferrin concentration (Lundvall et al., 1970; Rocchi et al., 1986; Fargion et al., 1996).
Patients from Northern Europe showed homozygosity for the C282Y HFE gene mutation
that has been associated with genetic haemoc?arorha'fosis (Kushner et al., 1985; Roberts
et al., 1997, Bonkovsky et al., 199.8; Stuart et al., 1998). This association is not seen in
other populations: the H63D mutatioh may be associated in patients of southern European
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origin and suggests that a high transferrin saturation level in a patient with PCT might
imply homozygosity for the hemochromatosis gene i European populations (Roberts et
al., 1997; Bonkovsky et al., 1998; Stuart et al., 1998).

The pathogenesis of deficiencies in UROD is further complicated by the observation that
ALA or its derivatives may inactivate UROD (Sweeney, 1986). Long-term administration of
ALA to SWR mice decreases UROD activity and produces uroporphyria (Constantin et al.,
1996). Decreased UROD activity leads to accumulation of its substrates and their
metabolites (Sweeney, 1986). There is an increased concentration of uroporphyrin | and
I, heptacarboxylic porphyrin, and other acetic-acid substituted porphyrins in the urine.
Urinary PBG excretion is always normal. Uroporphyrin is the main component in

increased plasma porphyrin concentration (Seubert et al., 1985).

A high prevalence of HCV antibodies in patients with PCT has been demonstrated in
several studies from Southern Europe with seroprevalences ranging from 62 to over 90%
(Chuang et al, 1999). However, studies from northern Europe and South Africa suggest a
much weaker association. An association with HIV viral infection has also been
suggested, though it appears that most such patients have other risk factors for the PCT
as well (Drobacheff et al., 1998). '

Coproporphyrinogen Oxidase Deficiency

Hereditary coproporphyria (HCP) (Berger and Goldberg, 1955) results from a deficiency in
CPOX activity (50% of normal activity in heterozygotes) (Elder et al., 1976; Kappas et al.,
1985). It is inherited as an autosomal dominant trait. Homozygous cases with CPOX
activity decreased to about 2% of the normal activity have been reported (Kappas et al.,
1889). HCP occurs less frequent than AIP, and VP (Doss, 1979; Kostrzewska and Gregor,
1995). Decreased CPOX activity has been shown in lymphocytes (Elder et al,, 1976;
Grandchamp and Nordmann, 1977), cultured fibroblasts (Elder et al., 1976), leukocytes
(Brodie et al., 1977), and liver (Hawk et al., 1978). As with AIP, HCP may remain clinically
and biochemically silent with symptoms showing only after puberty. Clinical features of
HCP include both acute attack and cutaneous photosensitivity (Brodie et al., 1977;
Kappas et al., 1988, 1995).

Molecular Biology: At least 19 mutations in the CPOX gene have been reported,
including two for the homozygous form of HCP, (Delfau-Larue et al., 1994; Martésék etal,
1994b; Fujita et al., 1994; Grandchamp et al., 1995; Sassa et al., 1997; Rosipal et al,
1999), confirming the genetic heterogeneity of HCP. Five missense mutations are
reported to reduce CPOX activity, whereas a 5-bp insertion disrupts the presequence and
prevents translocation to mitochondria in another (Bissbort et al., 1988). One of the
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mutations described (R311W) is shspecﬁeq to. create a new porphyrin-binding site
(Martasek et al., 1997). Other mutations in HCF; (Martasek, 1998) include the G189S
mutation, which is thought to abolish. the inherent flexibility of the enzyme-substrate
interaction; E201K mutant involve replacement of glutamic acid in position 201 by lysine,
‘and reverses the charge (from negative to positive). The local electrostatic environment of
the enzyme is altered affecting enzyme functioning. P249S mutant is thought to disrupt
the rigidity of the CPOX structure. Three polymorphisms have been described, two in
exon 4 and one in exon 5 (Martasek et al., 1994b). Another mutation (K304E) is
responsibie for the accumulation of harderoporphyrin that characterises harderoporphyria
(Lamoril et al., 1995; Grandchamp et al., 1995). |

Protoporphyrinogen Oxidase Deficiency .

VP results from decreased activity in the penultimate enzyme of the haem biosynthetic
pathway, PPOX. A detailed study on VP and its molecular genetics will follow in
Chapter 2. - |

Ferrochelatase Deficiency

Erythfopoietic porphyria (EPP) is associated with decreased activity of the mitochondrial
enzyme FC (Magnus et al., 1961). Typically, elevated concentrations of protoporphyrin X
in the erythrocytés, plasma, liver, bile, and faeces are found (Deleo et al., 1976; Kappas
‘et al., 1989; Goerz et al., 1996). In contrast to the skin disease of CEP, PCT, HCP and
VP, which is marked by a vesiculo-erosive pattern of skin injury, skin disease in EPP
takes the form of an immediate hypersensitivity. Characteristically patients who exceed an
individual threshold of sun exposure manifest problems of burning, stinging, erythema and
oedema in exposed areas and learn to associate these unp'leasant symptoms with sun
exposure; they will voluhtarily seek to avoid exposure. These featUrés usually begin in
childhood rather than post-pubertally as in the case with the vesiculo-erosive forms of
porphyria. Approximately 10% of clinically expressed cases show evidence of severe
protoporphyrin iX accumulation in the liver, leading to hepatic injury and ultimately to liver
failure. Typically liver decompensation occurs late in the illness, but once initiated,
progresses rapidly.

Enzymatic studies performed in some affected families showed EPP to have a complex
inheritance (Bloomer et al., 1976; Norris et al., 1990), and the description as an autosomal
dominant trait with incomplete penetrance is not entirely accurate (Kappas et al., 1995) as
there is evidence to suggest that, in some families at least, particularly those in whom liver
damage occurs, an éutosomal recessive mechanism appears to fit the observed pattern of
inheritance more accurately. Most patients with manifest disease have seVere!y reduced
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FC activity, suggesting a disorder carried on both alleles. This has led to the belief that co-
inheritance of two defects; one, presumably more severe, from the biochemically
abnormal parent and the second, less severe, from an apparently normal parent, is
necessary before clinical EPP arises. Since only one parent can be shown biochemically
to carry EPP, the disease appears to be dominant, yet its actual inheritance will be

recessive (Sarkany et al., 1994).

Molecular Biology: Molecular analyses of the FC gene have revealed missense
mutations (Lamoril et al., 1991; Brenner et al., 1992; Imoto et al., 1996), splicing
abnormalities (Nakahashi et al., 1992; Wang et al., 1994, Sarkany et al., 1994), intragenic
deletions (Todd et al., 1993; Schneider-Yin et al., 1995; Henriksson et al., 1996), and
nonsense mutations (Schneider-Yin et al., 1994) associated with functional deficiency of
FC. These mutations are distributed throughout the gene, and in most cases are limited to
single families (Cox et al., 1898), though in Northern Ireland, one mutation may account
for 50% of cases, and for a further 3 families from the United States (Todd et al., 1993;
Wang et al., 1994).

Recently, Gouya et al. (2002) using haplotype segregation analysis on 25 families with
EPP (with identified mutations), identified an additional intronic single nucleotide
polymorphism (IVS3-48T1/C), which modulates the use of a constituﬁve aberrént receptor
splice site resulting in mMRNA that is degraded by a nonsense-mediated decay
mechanism. It is believed that this additional FC enzyme deficiency is necessary for EFPP

phenotypi‘c expression.

ALA Synthase deficiency

Although not strictly a porphyria, it is worth considering that inherited defects in ALAS may
also occur. Indeed, a defect in ALA-S2 activity is respons‘iblevfor the X-linked sideroblastic
anaemia syndrome, an erythropoietic disorder (Cotter et al., 1992; Cox et al., 1994,
Bottomley, et al., 1995) that renders the enzyme resistant to PFP binding. Sideroblastic
anaemia is a refractory anaemia with hypochrornic microéytic circulating erythrocytes and
characteristic ring sideroblasts in the bone morrow that demonstrates a ring or collar of
iron granules around the nucleus (Cotter et al., 1992).
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of broad substrate specificity for all prokaryotic PPOXs cannot be made, since
Myxococcus  xanthus (M. xanthus) has high substrate specificity for
protoporphyrinogen IX (Dailey and Dailey, 1996b).

pH optima

PPOXs from different species exhibit different pH optima. In the case of S. cerevisae
(Poulson and Polglase, 1975), barley (Jacobs and Jacobs, 1984), R. spheroides
(Klemm and Barton, 1987), potato, maize (Camadro et al.,, 1991) and E. coli
(Sasarman et al., 1993), a pH optima in a range of 7.0 - 7.5 was observed. A brdad
pH optimum (7.0 - 11) for the oxygen-independent enzyme D. gigas has been
reported. Its large multi-subunit protein complex may contribute to this tolerance over
a wide pH range. The pH optima for mammalian PPOXs such as rat, 8.1 — 8.8
(Poulson, 19875); bovine, 8.7 (Siepker et al., 1987); human, 7.2 (Camadro et al., 1985);
mouse, 7.1 (Dailey and Karr, 1987) and B. subtilis, 8.7 (Corrigall et al., 1998a) have
been reported. In contrast, PPOX from Triton X-100 extracts of the mitochondrial and
etioplast fractions of etiolated barley displayed maximal activity over a low pH range (5
-~ 6) (Jacobs and Jacobs, 1987).

Sub-cellular localisation

PPOX distribution in the cell

In mammals and yeast, PPOX activity has been detected in the mitochondrial inner
membrane (Dailey, 1990) whereas in plant PPOX activity was found in both plastids
and mitochondria (Jacobs and Jacobs, 1987, 1993; Matringe et al., 1992a). In plants,
besides the mitochondria and chloroplast, PPOX activity has been found in other
subcellular locations such as the plasma membrane (Jacobs et al., 1991; Lee et al,
1993), and the endoplasmic reticulum (Retzlaff and Boger, 1996). interestingly, the
plasma membrane associated with PPOX activity has been found to possess
properties, which are different from those of the mitochondrial and chloroplast
enzymes, such as its resistance to inhibition by the diphenyl ether herbicides (DPE)
which are strong inhibitors of many known and characterised PPOX activities (Jacobs
et al., 1991) (see later section on inhibition).

Several approaches were used in establishing the localisation of PPOX within the cell
of various species, and include: separation of subcellular fractions by differential
centrifugation methods and assay of PPOX activity (Jacobs et al., 1982; Deybach et
al., 1985), and identification of PPOX in isolated subcellular fractions using specific
labelled PPOX ligands (Nishimura et al, 1995a).
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Subfractionation studies

Deybach et al. (1985) used a digitonin method to fractionate rat liver mitochondria, and
showed that PPOX is closely associated with the mitochondrial inner membrane
fraction. By chemical treatment they suggested that PPOX was anchored within the
lipid bilayer of the inner membrane, and that protoporphyrinogen IX had an equal
access to the active site of the enzyme from both sides of the inner membrane.

A membrane impermeable water soluble inhibitor of PPOX (the ditaurine conjugate of
BR and reported inhibitor of rat liver PPOX activity in both intact and sonicated
mitochondria and mitoplasts) showed that the PPOX catalytic site was on the cytosolic
side of the inner membrane since the membrane was impermeable to this inhibitor
(Ferreira et al., 1988).

Matringe et al. (1992a) demonstrated that sub-fractionated chloroplast PPOX activity is
found in thylakoids and the total envelope membranes, but not in stroma.
Subfractionation of yeast mitochondria also showed PPOX activity in the inner

membrane (Camadro et al., 1994).

PPOX labelling studies

In PPOX labelling studies, Nishimura et al., (1995a) performed an in vitro transcription
and translation of the human PPOX to demonstrate the insertion of protein into
mitochondria. The [*S]methionine labelled mRNA is translated in the rabbit
reticulocyte lysate system to produce labelled protein prod'uct. The labelled protein
product is imported into isolated intact mouse mitochondria, and extracted from
mitochondria. The protein displayed a molecular weight similar to that predicted from
the human PPOX gene. This sugge‘sted that PPOX does not undergo modification on
insertion into the mitochondrial membrane. Proteolytic digestion of the PPOX
contakining mitochondrial membrane demonstrated that PPOX is protected in the
mitochondria. Furthermore, digestion of the PPOX protein on addition of 0.3% Triton
X-100 demonstrates the intrinsic association of PPOX with the membrane lipid bilayer.

PPOX localisation in the light of its protein and gene sequence

Analysis of the PPOX gene and protein sequences has shown a lack of membrane
targeting leader sequences or obvious internal targeting signals (Dailey and Dailey,
1994, Nishimura et al., 1995a; Dailey and Dailey, 1996a,b). Although human PPOX
has an amino terminal portion with characteristic features of a presequence with three
basic residues without any acidic residues (Nishimura et al., 1995a), these residues
are not clustered on the opposite side of positively charged amino acids, and the
hydroxylated amino acids are scattered.
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Initial reports on yeast PPOX indicated that the protein was synthesised as a high
molecular weight precursor, Wthh|§ thencc?nverted into mature mitochondrial
membrane-bound form (Camadro et al., 1994). In a later publication Camadro and
Labbe (1996) suggested that the hydropathy profile of yeast PPOX demonstrated a
moderately high hydrophobic protein with a single potential membrane-spanning
segment for residues 13 - 33. However, analysis revealed that this was not a

transmembrane domain.

Later work, on the other hand, demonstrated that palmitoleic acid is a major
component involved in the post-translational modification of yeast PPOX (Arnould et
al., 1999) and could account for a resultant shift in the electrophoretic mobility, which

was at first attributed to a putative presequence form of the protein.

Translocation studies and immunological analysis demonstrated that plastid and
mitochondrial isoforms of tobacco plant PPOX are imported into intact pea plant
chloroplasts and mitochondria (Lermontova et al., 1997). The plastid PPOX isoform of
the tobacco plant is synthesised as a 59000 Da precursor protein, which is processed
into a 53000 Da mature PPOX. In contrast, the mitochondrial form did not demonstrate
a precursor protein, yet it was targeted. PPOX from A. thaliana also indicates the
synthesis of a precursor PPOX protein with a putative amino-terminal membrane

targeting leader sequence (Narita et al., 1996).

Other PPOXs, which demonstrate a lack of such leader sequences, may possess
internal membrane targeting signals, which have not yet been identified. Such unique
internal targeting mechanisms have been proposed for other proteins destined for
mitochondrial membranes (Lill et al., 1996; Stuart and Neupert, 1996). Examples of
such proteins include: BCS1 protein (“branched chain sensitivity”), which is involved in
the assembly of complex lll. Complex Il includes ubiquinol-cytochrome ¢ reductase
which is part of the of the mitochondrial respiratory chain which spans the inner
mitochondrial membrane. Such proteins contain a stretch of positively charged amino
acids (amphiphilic segment) after a transmembrane domain sequence, which are
shown to function as the internal targeting signal through the formation of the
amphipathic helix (Folsch et al., 1996). It was suggested that the amp'hipathic helix
could react on its apolar side with the transmembrane domain and form a hairpin loop.
This loop penetrates the translocation channel of the inner membrane and facilitates

translocation.
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Enzyme purification

PPOX is a hydrophobic membrane bound protein. Thus, early workers in the field
experienced difficulties in attempting to purify it using a variety of standard
chromatographic techniques. Solubilisation of PPOX may be achieved by using an
appropriate detergent to keep the protein in solution in a stable form. Different
detergents have been used in the pUrification of PPOX from different species and
some have proved more suitable’than others. For human and M. xanthus PPOX, n-
octyl-B-D-glucopyranoside has been shown to be a suitable detergent (Dailey and
Dailey, 1996a,b; 1997a,b). Using this detergent the human enzyme could be stored for
days at 4°C, and even overnight storage at room temperature the enzyme retained
significant activity (Dailey and Dailey, 1997b). In our laboratory both M. xanthus and B.
subtilis have been purified succéssfu!ly in the presence of 0.2% Tween 20 (Corrigall et
al., 1998a). However, M. xanthus PPOX tends to precipitate out when stored at 4°C.
-Stability is significantly improved by the addition of FAD cofactor (A. Corrigall,
personal communication). Prolonged storage of yeast mitochondrial membranes
resulted in degradation of PPOX by proteolysis (Camadro et al, 1994). This
proteolysis degradation appeared significantly !eés for PPOX stored at -80°C than at -
20°C.

Purification of PPOX was often partial, and occasionally homogeneous. Purifications
and subsequent characterisations of PPOX have been reported for rat (Poulson,
1976), R. sphaeroides (Jacobs and Jacobs, 1981), D. gigas (Klemm and Barton,
1987), mouse (Dailey and Karr, 1987, Ferreira and Dailey, 1988, Proulx and Dailey
1992), yeast (Camadro, et al, 1994), bovine (Siepker et al, 1987), barley (Jacobs and
Jacobs, 1987, Jacobs et al., 1989), maize (de Marco et al 2000), spinach (Matringe et
al., 1992a, Watanabe et al. 2000) and potato'plant (Johnston et al., 1998). In addition
to purification from liver mitochondria, human PPOX has been cloned, expressed and
purified (Dailey and Dailey 1986a, Nishimura et al, 1995a).

Molecular size and subunit composition

PPOXs from various species such as human (Nishimura et al., 1995a; Dailey and
Dailey, 1996a), mouse (Taketani et al., 1995a; Dailey et al., 1995), B. subtiiis
(Hansson and Hedérstedt, 1992, Dailey et al., 1994c¢), S. cerevisiae (Camadro et al.,
1994), M. xanthus (Dailey and Dailey, 1996b), A. thaliana (Narita et al., 1996), bovine
(Siepker et al., 1987), tobacco _piant (LérmontOVa et al., 1997), spinach (Matringe et
al., 1992a), and potato plant (Johnston et al.; 1998) exist as homodimers or monomers
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with molecular weights rangmg from 51000 to 57000 Da. The rat enzyme is the
smallest of all mammalian PPOX reported W|th molecular weight of 33000 Da on SDS-
PAGE (Poulson, 1976). Similar results were obtained for the purified barley PPOX
(Jacobs and Jacobs, 1987) with molecular weight of 36000 Da. E. coli PPOX
(Sasarman et al., 1993) and the D. gigas multisubunit enzyrne (Klemm and Barton,
1987) represent anaerobic enzymatic oxidation and are distinct from the oxygen-
utilising forms of the enzyme. Their molecular weights are 21200 and 148000 Da,
respectively. The active form of D. gigas is a hexamer and is composed of two of each
of three different subunits (12000, 18500, and 57000 Da), which are held together by
disulfide bonds (Klemm and Barton, 1987).

Cofactor compositio'n in PPOX

It is clear that FAD cofactor is essential in the six-electron oxidation of the PPOX
catalysed reaction. Indeed, the human enzyme is a homodimer and contains one non-
covalently bound FAD per dimer/0.5 FAD per monomer (Dailey and Dailey, 19963,
1997b).

The indication of the presence of a prosthetic group, was first suggested by Poulson
and Polglase (1975) when they partially purified yeast PPOX and observed an
absorption peak at 410nm, although, no flavin was directly observed in their
preparations. In studies of PPOX in the anaerobic bacterium D. gigas, several electron
acceptors (NAD®*, NADP®, FMN, and FAD) that stimulate the reaction were
demonstrated (Klemm and Barton, 1985) suggesting the role of these compounds in
enzyme activity. Spectral analysis of a purified bovine PPOX showed a typical
flavoprotein spectrum. Subsequent characterisation of the extracted flavin cofactor
indicated that it was FAD, and that the FAD was covalently bound to the protein
(Siepker et al., 1987).

In contrast, Dailey and Karr (1987) performed studies on the purified mouse PPOX by
UVIVIS spectral analysis to demonstrate the presence of flavin. The study did not
show any flavin bound to PPOX. Several electron acceptors were tested on this
enzyme with no significant stimulation of activity (Dailey and Karr, 1987, Ferreira and
Dailey, 1988). In a subsequent re-investigation of flavoprotein nature of mouse PPOX
by the same group, a flavin moiety was identified in the purified protein from UV/VIS
spectral analysis (Proulx and Dailey, 1992). They used a shorter and more rapid
scheme for the purification of the mouse PPOX, which gave a higher protein yield.
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Purification and characterisation of the B. subtilis hemY cDNA sequence by Dailey et
“al. (1994c) allowed identification of dinucleotide binding domain in this PPOX gene,
suggesting association of this enzyme with flavins. Subsequent spectral analysis of the
purified B. subtilis PPOX revealed a ty‘pica! ﬂavop'rotein spectrum (Hansson et al.,
1997). The flavoprotein nature of B. subtilis PPOX was further corifirmed by Hansson
‘et al. (1997). They demonstrated the inhibition of the PPOX activity by a known
inhibitor of FAD-containing enzymes, Quinacrine. The enzyme activity was simulated 2
- 3 fold in the presence of FAD, suggesting the role of the FAD cofactor in enzyme
activity. Another aerobic bacterium M. xanthus, was also reported to be a flavoprotein
that is non-covalently associated with FAD (Dailey and Dailey, 1996b). PPOX cDNA
sequence showed the presence of the dinucleotide binding motif. The cofactor was
reported to be present at a ratio of one FAD per homodimer of a protein. Flavin
cofactor was also shown in purified yeast PPOX through its pH-dependent spectral

shift (Camadro et al.,, 1994). Sequence analysis of the cloned yeast hem14 gene
codmg for PPOX revealed a putatnve BaB motif (Camadro and Labbe, 1996). In the
hemG cDNA sequence of E. coli, leh imura et al. (1995b) identified the flavodoxin
motif suggesting a ftavoprotem.

. Jacobs and Jacobs (1987) demonstrated the absence of chromophoric compounds on
a crude plant PPOX (barley) préparati(’)n by fluorometric analysis. Subsequent analysis
of the purified barley PPOX, using extractioﬁ procedures for either covalent or non-
covalently bound cofactors showed no e\)idengie of a flavin cofactor association with
this protein (Jacobs et al., 1989), suggesting that the plant PPOX is not a flavoprotein.
However, cDNA analysis of A. thaliana PPOX.revealed the presence of the typical
dinucleotide binding motif (Narita et al., 1996). Other plant PPOX studies has shown
the presence of this dinucleotiode binding domain in the cloned and characterised
plastidal and mitochondrial PPOX isoforms of tobacéo plant (Lermontova et al., 1997)
and potato (Johnston et al., 1998). There is no physical analysis for the flavin
association with these proteins, except for the available sequence information that
indicates flavoprotein nature of plant PPOXs. |

There are now manyAPPO‘X sequences available in databases such as Genbank.
Gene/protein sequence analysis suggests that PPOXs are members of a protein
superfamily that includes human (Nishimura et al., 1995b), mouse (Taketani et al.,
1995a), plant (Narita et al., 1996), yeast (Camadro and Labbe, 1996), some bacteria
(Dailey and Dailey, 1996b), animal phytoene desaturases and animal monamine
oxidases (Dailey and Dailey, 1998). These proteins share significant sequence
homology in a 60 amino acid residue stretch t‘hat includes the BaB-dinucleotide
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cofactor binding motif (GXGXXG) near the N- termmal ‘sequence (Dailey et al., 1994c;
Camadro and Labbe, 1996; Hanssof &t al., 1997).

Flavoproteins and flavins in nature

As part of this dissertation examines the FAD cofactor in PPOX, flavins and their
measurement are reviewed in some detail here. Flavoproteins need to associate with a
flavin cofactor for their biological activity. The most commonly occurring flavins are
riboflavin (Rb), flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD).
These flavins exist in tissues either as free compounds or in flavoproteins (Koziol,
1971). FMN and FAD are the most widely distributed prosthetic groups in
flavoproteins, and sometimes are found together in the same purified protein (Trudgill
et al., 1966; Miller and Stadtman, 1972).

Spectrophotometric analysis of flavins

Spectrophotometric measurements are used to determine total flavin content. Since
the absorption spectra of Rb, FMN and FAD are similar to one another, this method
cannot be used to determine individual flavin content, unless they have been
previously separated using other methods (Kaziol, 1971). The flavins and their
flavoproteins are yellow in colour when they are in their oxidised form, and have an
absorption spectrum that is characterised by two well defined peaks at 375 and 450nm
in the UV/VIS range (Muller et al., 1973; Ghisla, 1980). The spectra are markedly
affected by pH, solvent polarity, and organic/inorganic compounds complexed to
flavins or present in solution (Massey and Ganther, 1965; Roth and McCormick, 1967).

Fluorometric analysis

Rb, FMN and FAD have an identical excitation wavelength (450nm). The oxidised
state state of free flavin in solution exhibit a strong fluorescence in the maximal region
of 520nm. In the reduced state, these compounds do not fluoresce and have variable
absorption above 300nm (Ghisla, 1974). In aqueous solutions, the fluorescent
emission spectra of oxidised flavins are characterised by a broad band at maximum
wavelength of about 520nm (Bessey et al., 1949; Cerletti and Siliprandi, 1958). The
fluorescence spectrum is influenced by number of factors such as temperature,
solvent polarity, pH, and other absorbing species in solution (Koziol, 1971).
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Determination of noncovalently bound flavins

Noncovalently bound flavins may bé removed from the protein by heating or treatment
with acid in the cold. These methods may affect the protein tertiary structure.
However, flavin content of biological tissues may be determined by comparing the
fluorescence at neutral (7.5) and acidic (3.5) pH in aqueous solution (Faeder and
Siegel, 1973). The principle of the method is based on the existence of FAD as a non-
fluorescent internal complex at neutral pH, which dissociates into a fluorescent
compound as pH is decreased to less than 3.0. The other flavins (Rb and FMN) have
an unaltered fluorescence intensity in this pH range (3.5 — 7.5) (Bessey, 1949; Cerletti
and Siliprandi, 1958).

PPOX inhibition

PPOX is inhibited by many herbicidal compounds and results in accumulation of
protoporphyrin IX (Matringe and Scalla, 1988a,b; Lydon and Duke, 1988; Witkowski
and Halling, 1988; Sandmann and Béger, 1988; Becerril and Duke, 1989; Duke and
Lydon, 1989). The inhibitory effect in cells is rapid and takes only a few minutes for a
detectable increase in protoporphyrin IX when exposed to inhibitor (Bicerril and Duke,
1989; Matsumoto and Duke, 1990).

Inhibitors

Many PPOX inhibiting herbicides have been commercialised for over thirty years but
their molecular site of action eluded scientists up until 1989 (Dayan and Duke,
1997a,b,c). Commercial PPOX inhibitors can be categorised in three broad chemical
groups (Table 2.1): the DPEs, the phenyl heterocycles and the heterocyclic
phenylimides (Anderson et al., 1994; Duke and Rebeiz, 1994; Reddy et al., 1997).
Another group of herbicides reported include carboxylate and haloalkyl-substituted
asoxazoles (Hamper et al., 19_95).’ To date,;only bne phytotoxin of natural origin is
known to inhibit PPOX i.e., the DPE, cyperin, which has been isolated from several
weed fungal pathogens (Weber and Gloer, 1988, Striele et al., 1991; Venkatasubbaiah
et al., 1992). However, it is a poor inhibitor with a high 1Cs value of 60uM (Harrington
et al, 1995). o
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Table 2.1: Commercial PPOX inhibitqrs:v Mz{jor chemical groups, which are typical phenyl
heterocycles. co o

PPOX Inhibitors
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An important feature of these inhibitors is that they mimic portions of the substrate
molecule, protoporphyrinogen IX (Figure 2.2) thereby effectively competing at the
active site. The best PPOX inhibitors are those that most closely approximate the
geometric shape and electronic characteristics of one-half of the protoporphyrinogen
IX molecule (Dayan and Duke, 1997a). A study by Nandihalli et al. (1992a) showed
that the inhibitory activity of the PPOX inhibitors was also positively related to their
lipophilic nature. Indeed, quantitative structure-activity relationships (QSAR) analyses
have been successful in the prediction of the herbicidal activities of certain compounds
(Nandihalli et al, 1992a, Reddy et al, 1995). A major limitation in QSAR work is that
the 3-D structure of PPOX remains unknown. Thus the topography of the binding
pocket and conformational changes occurring during the binding and at each step of
the oxidation as well as during the binding of the herbicide remains unknown.
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Figure 2.2: Three dimensional optimised structures {(A: Protoporphyrinogen, B: Acifluorfen)
{(From Dyan and Duke, 1997a)

Inhibition by diphenyl ether herbicides

The DPEs have been shown to be potent inhibitors of PPOXs, and are competitive
inhibitors with respect to the substrate protoporhyrinogen IX (Matringe et al., 1989a.b,
1992; Witkowski and Halling, 1989; Duke et al., 1990, 1991b; Scalla et al., 1990,
Versano et al., 1990; Camadro et al., 1991; Nandihalli et al., 1992b; Nandihalli and
Duke, 1993, Scalla and Mantringe, 1994, Lee et al., 1995) of plant, mouse and human
PPOXs (Camadro et al., 1991; Corrigall et al., 1994). However, this inhibition by DPEs
is not seen in all PPOXs, e.g., B. subtilis, E. Coli and B. japonicum PPOXs (Jacobs et
al., 1990; Dailey et al., 1994c; Corrigall et al., 1998a). DPEs have been used as tools
to investigate the substrate binding site/catalysis of the PPOX (Matringe et al., 1992b).

Effect of DPE on plants

In plants, this inhibition induces light-dependent phytotoxic damage through induction
and accumulation of protoporphyrin IX in the exposed plant (Matringe and Scalla,
1988a; Becerril and Duke, 1989; Matsumoto and Duke, 19980; Sherman et al., 1991;
Kojima et al., 1991, Camadro et al.,, 1994). Inhibition of PPOX results in the
accumulation of colourless tetrapyrrole substrate, protoporphyrinogen X that leaks out
of the plastids (Jacobs-énd Jacobs, 1993) into cytoplasm and is rapidly oxidised in the
presence of light into protoporphyrin 1X (Jacobs et al., 1991; Jacobs and Jacobs, 1993;
Lee et al., 1993; Duke et al.,, 1994). In the presence of light, highly reactive singlet
oxygen radicals are generated and induce rapid membrane peroxidation, resulting in
cellular death (Duke et al., 1990, 1991a; Scalla et al., 1990; Devine et al., 1993; Dayan
and Duke, 1997a,b,c). -
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Effect of DPE on animals .

Several studies on DPE inhibition of PPOX were performed in animals and were found
to cause protoporphyrin IX accumulation, in a similar manner to that in plants
(Kawamura et al.,, 1996). In humans this protoporphyrin IX accumulation has been
associated with VP (Deybach et al., 1981) and results in dermatological and/or
neurological problems (Eales et al., 1980). Administration of PPOX inhibiting herbicide
(oxadiazon or oxyfluorfen) to male mice resulted in experimental porphyria with some
characteristic biochemical features of human VP (Krijt et al.,, 1997). Increased
porphyrin content was noticed in the livers and kidneys of these mice. Accumulation of
porphyrins was noted in the trigeminal nerve of animals treated with oxadiazon
suggesting a contribution of porphyrin to the peripheral neurophathy observed during
the acute attack of porphyria. In a study by Rio et al. (1997), the effect of oxyfluorfen
herbicide on human Burst and Colony Forming Unit-Erythroid (BFU-E/CFU-E)
development and haemoglobin synthesis, in the presence of erythropoietin was
investigated. The oxyfluorfen herbicide displays a cytotoxic effect only at a high
concentration (0.01M). At lower concentrations (0.0001M) only haem biosynthesis
inhibition was noted. Investigation of PPOX inhibition by $-53482 (an N-phenylamide
photobleaching herbicide) in rat and rabbit embryos showed an increased
protoporphyrin IX concentration in rat embryos by an order of two magnitudes when
compared to that of uhtreated embryos (Kawamura et al., 1996). In rabbit embryos, no
protoporphyrin IX accumulation was noted even at higher dose level of herbicide, and
this was postulated to be true for humans as well.

PPOX resistance to DPE

Several plant species have shown tolerance to some of the peroxidative herbicidal
compounds (Matsumoto et al., 1994; Komives and Guliner, 1994; Dayan and Duke,
1997a,b; Duke et al., 1997). The basis of this tolerance has been shown to arise at a
number of levels: Decreased uptake or translocation of the herbicide to the site of
action (Matsumoto et al., 1994; Komives and Guliner, 1994; Duke et al., 1997),; rapid
metabolic destruction of herbicide (Frear et al., 1983); resistance of the cells towards
peroxidation by oxygen radicals (Matsumoto et al., 1994); and, rapid metabolic
destruction of protoporphyrinogen IX or protoporphyrin IX to non-toxic compounds
(Jacobs et al., 1996).

It has been shown that the prokaryotic PPOX from B. subtilis (Dailey et al., 1994c),
E. coli and B. japonicum (Jacobs et al., 1990) exhibited different inhibition
characteristics from other PPOXs studied. It has been postulated that B. subtilis PPOX
exhibits a conformational difference compared to other PPOXs, making a good fit into
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the active site for the DPEs more difficult (Corrigall et al., 1998a). Natural resistance to
DPE inhibition does not, however, appear to be a general feature of all prokaryotic
PPOXs as M. xanthus PPOX (Dailey and Dailey, 1996b) is not resistant to DPE
inhibition.

Choi et al. (1998) reported that the expression of hemY gene of B. subtilis PPOX that
is resistant to herbicides, demonstrated some 50% resistance against oxyfluorfen in
the cytoplasm of transgenic tobacco plants. Other studies including that of Lee et al.
(2000), which showed similar results in a transgenic rice plant that expressed the
hemY gene of B. subtilis PPOX.

Prasad and Dailey (1995) showed that murine erythroleukemia (MEL) cells could grow
at a near normal rate in 100uM acifluorfen (AF) after rendering them insensitive to
inhibition by AF by continuous exposUre tc; AF through many passages of cell growth.
On isolation of the AF resistant cell lines, they discovered that neither the amount nor
biochemical character of PPOX were responsible for resistance. They suggested that
this cellular resistance is mediated through induction of a cytochrome P4350. This
enzyme is capable of metabolising the AF making it unable to inhibit.

A mutant strain of the green algae C. reinhardtii (rs-3) that is resistant to herbicides
such as S-23142, oxadiazon, methyl acifluorfen (MeAF), and oxyfluorfen has been
isolated and characterised (Kataoka et al., 1990; Oshio et al., 1993). A subclone of the
mutant insert yielded a high frequency of herbicide-resistant transformant (Rondolph-
Anderson et al., 1998). Characterisation of wild type C. reinhardtii revealed a protein
identity of 51% to A. thaliana and 53% of N. tabacum. The mutant form of the algae,
rs-3, revealed a G—A point mutation resulting in a valine to methionine substitution at
a conserved position equivalent to Val-389 of wild type C. reinhardtii cDNA. This
suggests that the Val-389 is critical for maintaining a PPOX conformation that is
sensitive to inhibition by DPEs.

Lermontova and Grimm (2000} demonstratéd the tolerance of transgenic N. tabacum
plants that overexprés;ses A. thaliana plastid PPOX, against the action of AF herbicide.
The overproductidn of PPOX in the plastid cells neutralises the herbicidal action by
increasing PPOX activity to five times that in ;the control wild type cells. There is
therefore no accumulation of the substrate protoporphyrinogen IX.

Watanabe et al. (1998) performed electron microscopy on photomixotrophic cultured
tobacco plant cells (YZI-1S). Cells grown in the presence of N-(4-chloro-2-fluoro-5-
propagyloxy)-phenyl-3,4,5,6-tetrahydrophthalimide exhibited no grana stacking, which
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PPOX gene

Identification of the gene

Initial studies on the PPOX gene sequence, was performed by Hansson and
Hederstedt (1992). They reported an open reading frame in the aerobic bacterium, B.
subtilis (hemY), which they predicted to be PPOX. Two years later Dailey et al.
(1994c) cloned and expressed the B. subtilis hemY gene in E. coli and showed that it
encodes a 53000 Da protein that had oxygen-dependent PPOX activity. The cloning,
sequencing and expression of prokaryotic PPOXs from B. subtilis (Hansson and
Hederstedt, 1994; Dailey et al., 1994c; Hansson and Hederstedt, 1994) and E. coli
(Sasarman et al.,, 1993) facilitated the discovery and identification of mammalian
genes encoding mouse (Dailey et al., 1995; Taketani et al., 1995a), human (Taketani
et al., 1995b; Nishimura et al., 1995a; Roberts et al., 1995b; Dailey and Dailey, 1996a;
Dailey and Dailey, 1997a), yeast (Camadro, et al, 1994), M. xanthus (Dailey and
Dailey, 1996b), A. thaliana (Narita et al., 1996), maize (de Marco et al., 2000), spinach
(Matringe et al., 1992a, Watanabe et al. 2000) and potato plant PPOX (Johnston et al.,
1998).

Gene sequence

The genomic DNA sequence for human PPOX has been reported (Roberts et al,,
1995b). The gene encodes a 51000 Da protein (477 amino acid residues) that exists
as a 100 000 Da homodimer (Dailey and Dailey, 1996a). The coding sequence of
human PPOX is 1431 nucleotide base pairs long with 13 exons spanning
approximately 5kb (Roberts et al., 19985b). All exon/intron boundaries have been
characterised (Taketani et al., 1995b; Roberts et al., 1995b). A single mRNA transcript
for human PPOX (~1.8kB in length) was reported from northern blot analysis of
various tissues (Dai!ey and Dailey, 1995; Nishimura et al.,, 1995a; Taketani et al.,
1995b). In these transcripts a short 3'-UTR and a 5'-UTR approximately 300 base
pairs long were found. There is one predicted 5'-UTR stem-loop structure with possible
regulatory functions, such as an iron-responsive element (Dailey et al., 1995). Start
and termination codons as well as a consensus polyadenylation signal and
polyadenylation site just downstream from the termination site, have been identified
(Taketani et al., 1995b; Dailey and Dailey, 1996a,; Puy et al, 1996).

Assignment of the gene to chromosome 1q22-23

The human PPOX gene was mapped by fluorescent in situ hybridisation to
chromosome 1g22-23 of human genome (Roberts et al., 1995b; Taketani et al.,
1995b). The gene was originally assigned to chromosome 14q32 (Bissbort et al.,
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1988) due to the report of close linkage between the gene locus for VP and the a1-

~antitrypsin gene, which was knoWn to reside on chromosome 14. Warnich et al.
(1996b) were unable to confirm linkage between VP and 5 microsatellite markers on
chromosome 14q, which was closely related to the‘yc1-antitrypsin locus. The incorrect
' assignment of the gene was further confirmed by Roberts et al (1995b), who showed a
ksignificant linkage between the:VP phenotype in a.sample of British VP patients and
microsatellite markers on chromosome 1 and:used fluorescent in situ hybridisation to
'map the human PPOX gene to chromosome 1q22 —-23 (Roberts et al, 1995b; Taketani
et al, 1995b).

Variegate Porphyria

As previously alluded to, VP is a low-penetrance, autosomal dominant disorder of
haem synthesis due to reduced activity of PPOX. VP patients demonstrate PPOX
activity of approximately 50% of normal (Brenner énd Bloomer, 1980; Deybach et al
1981, Meissner et al, 1986).‘ South Africa hes the highest prevalence of VP in the
world, attributed to a founder effect (Dean, 197_'1), resulting from a mutation (R59W) in
exon 3 of the PPOX gene (Meissner et al, 1996, Warnich et al, ﬁ996a). World-wide
heterogeneity for VP exists and over 100 mutétions have been identified (Poh-
Fitzpatrick, 1980; Mustajoki, 1980; Long et al., 1993;'Deybach et al., 1996; Lam et al.,
1996, de Rooij et al., 1997; Frank at al., 1997;1998e,b,c,d,e; Kaup%inen etal., 1997).

Clinical symptoms of VP inotude; skin photosensitivity and/or acute neurovisceral
crises (Bickers et al., 1996, Frank and Chris'tt_ano, 1997).

Historical perspective

_AVP was probably fi t" rst described in a Dutch patient by van den Bergh and Grotepass in
1937. However, in many early reports that fol!owed it must be tonsidered that the
features of VP (as we now know them to be) were confused with thdse of PCT, AIP and
HCP (Poh- Fltzpatnck 1980; Long et al., 1993) Furthermore the disease was
described using different terms such as r'nrlxed porphyrla (Watson, 1960),
protocoproporphyria‘ (Waldenstr_om.v 1957), p‘orphyria cutanea tarda (Calvert and
Rimington, 1953; MacGregor et aII., 1952, Wells‘and ‘Rimington,‘ 1953; Holti et al.,
1958), and porphyria cutanea tarda hereditaria (Cormane et al., 1971; Levene, 1968;
Magnus, 1968; Rimington et al., 1967; Tio, 1958). |

The first descnptron of acute porphyna in South Afnca was written and published by two
medical students (Lennox Ea!es and Jack Chlat) |n October 1939 in the University of
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Cape Town's medical student’s joumal I nyanga (Eales and Chiat, 1939). A series of
cases of porphyrinuria were flrst descnbed in South Afnca by HD Barnes of the South
African Institute for Medical Research in Johannesburg in 1951. Barnes, together with
Geoffrey Dean, a Port Elizabeth physician, who had recognised that the disease could
manifest with skin lesions, acute attacks or both, coined the terms porphyria variegata and
South African genetic porphyria (Dean, 1953; Dean and Bamnes, 1855).

Dean’s genealogical studies (Jenkins, 1997) demonstrated that South African VP is
cormmon amongst the population of Dutch descent, a disorder that was distinct from the
genetic porphyria found in Sweden (Dean and Barnes, 1959). Of 118 South African
families he investigated, he showed that approximately 50% of children of porphyric
patients inherited VP, and that the sex distribution was equal. He described some
members of the family as asymptomatic, meaning that, they demonstrated excretion of
abnormal urine and stool porphyrins but did not experience any clinical symptoms. He
never observed homozygote individuals. In his studies, Dean suggested that the disease
was brought to South Africa in 1688, when Adriaantje Adriaanse, an orphan from
Rotterdam, arrived on the Dutch East India Company ship China and was marned to one
of the free burghers, Gerrit Jansz van Deventer (Dean, 1971) within a month of her arrival.
Four of their children inherited the gene defect and passed it on to approximately 50% of
the offspring. However, it is uncertain whether VP was introduced into South Africa by
Gerrit Jansz himself or by his wife, Adriaantjie.

Prevalence

The prevalence of VP in South Africa has never been accurately determined as the
disease is frequently non-expressed both clinically and biochemically. Based on the
probability that the gene had arrived at the Cape in 1688, and the fact that there was a
rapidly expanding population during the 18" century from just over 1000 to 17000 in 85
years (Jenkins, 1997), Dean suggested an overall prevalence of 8000 £ 2000 for the
country as a whole (Dean, 1971, Eales and Blekkenhorst, 1980; Day, 1936). However,
taking into account the approximate 70% (or less) sensitivity of the screening methods
employed at that time, it is possible to predict that as many as 30 000 South Africans
may carry the gene. |

VP has been reported worldwide (Mustajoki, 1978). In Europe (Hamnstrém et al., 1967,
Cochrane and Goldberg, 1968; Freinkel and Ashman, 1974; Fromke et al., 1978;
Muhlbauer et al., 1982, Kostrzewska and Gregor, 1982; te Velde et al., 1989; Aguaron et
al., 1992; Elder et al., 1997), the prevalence of clinically-overt VP is generally thought to
be about 1/3 of that of AIP (Elder, 1997) which approximates to 0.5/100 000. Further
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reports of VP have emanated from Israel (Krakowski et al., 1979), India (Bhargova, 1970;
Handa, 1975), Taiwan (Tu et al., 1971), Japan (Kodama et al., 1979) and Australia
(Coakley et al., 1990). In Finland thé preve!ance’ has been estimated at 1.3/100 000
population (Mustajoki, 1980)." A few cases of VP have been described in the black
population including a Curacao Negroid woman (Van der Sar, 1976), an American black
man (Hughes and Davis, 1983) and more recently, an indigenous black South African
woman (Corrigall et al., 2001). |

Clinical Features

The clinical features of VP may be divided into two main categories: photocutaneous
sensitivity (skin disease) and/or acute neurovisceral crises (acute attack). In 1980, Eales
reported absence of clinical symptoms (for acute and skin disease) in 10% of the patients.
Seventeen years later, Hift et al. (1997) showed 38% of patients that were asymptomatic.
Patients with PPOX defect do not usually present with clinical symptoms of VP until
puberty (Dean, 1971; Kramer, 1980; Meissner and Hift, 1991).

Skih di'sease

Eales reported that more than 80% of patients with VP had skin disease (Eales, 1960,
1980). An accumulation of porphyrins in the upper layers of dermis has been documented
(Runge ‘andv Watson,' 1962, ‘Day, 1986) and skin damage is probably a result of
photoreactive porphyrins, which interact with light (Poh-Fitzpatrick, 1985). The
characteristic feature of the skin disease in VP is excessive skin fragility on the sun-
exposed surfaces particularly of face, dorsa of the hands and feet, nape of neck, erosions,
milia, blisters, and abnormal pigmentation, eventually leading to thickening, grooving,
“hirsutes, and premature aging (Dean, 1971, Eales and Blekkenhorst, 1980, Poh-
Fitzpatrick, 1985; Day, 1986; Elder et al., 1997; Kirsch et al., 1998). Generally, lesions
heal slowly, especially in the presence of secondary infection. This often results in scars,
which may be pigmented or depigmented. The combined effect of trauma and constant
sun exposure may cause progressive pseudosclerodermatous changes in hands and
fingers.

Acute photosensitivity, more typical of EPP, has been reported in a few patients with VP in

conjunction with liver disease or biliary obstruction (Eales, 1963).
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Acute attack »

The VP acute attack is not “distiiigiighable “from that of AIP and HCP. Clinical
manifestations of the acute attack are intermittent, and include severe pain, most often in
the abdomen, but sometimes in the lower back, buttocks and thighs. In some cases the
attack may be associated with an obvious precipitating event (such as administration of
porphyrinogenic medication or menstruation). Abdominal pain may be accompanied by
few clinical signs and by an absence of peritonism and features of autonomic neuropathy
(Yeung-Laiwah et al., 1987; Blom and Atsmon, 1996), such as hypertension, tachycardia,
vomiting, ileus, and constipation (Kirsch et al., 1998). The attack may proceed to a typical
motor neuropathy resembling the Guillain-Barre syndrome (McEneany et al., 1993; Bont
et al., 1996). In severe cases, this leads to a severe flaccid quadriparesis and respiratory

failure requiring ventilation.

Pathologically, the neuronal injury is characterised by severe axonal necrosis, though
at times there may be a lesser element of demyelination as well (Windebank and
Bonkovsky, 1992, Cavanagh and Mellick, 1965, Hierons, 1957; Gibson and Goldberg,
1956; Mustajoki and Seppaléinen, 1975; Albers et al., 1978; Flugel and Druschky, 1977).
The histological changes associated with acute neuropathy in VP appear to be no
different from those with other forms of porphyria. The cardinal features are those of
severe qualitative and quantitative changes in myelinated and unmyelinated fibres,
suggesting an axonopathy, in keeping with the dying-back phenomenon.

Biochemical features and diagnosis

Characteristic biochemical features may identify VP patients. This remains the mainstay
of diagnosis in most cases of VP, though its place has been modified by the
identification of some of the molecular defects accounting for VP.

The biochemical diagnosis of VP may be based on quantitation and analysis of excreted
porphyrins in stool and urine and/or analysis of circulating porphyrins in the plasma, and
measurement of urinary porphyrin precursors (ALA and PBG) in the case of the suspected
acute attack.

In essence, the porphyrin excretory profile observed in VP arises as a result of
porphyrin(ogen) accumulation resulting from the primary enzymatic defect in PPOX.
During the acute attack ALA and PBG concentrations are always raised. This is thought
to arise from a secondary “deficiency” in PBG deaminase, which may arise in
response to increasing intracellular concentrations of coproporphyrinogen Il and
protoporphyrinogen X resulting from decreased PPOX activity. Indeed, allosteric
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inhibition of PBG deaminase by copro- and protoporphyrinogen IX has been
demonstrated in vitro (Meissner et al, 1993).

Stool
“The classm blochemlcal mdlcator of VP is elevated stool protoporphyrin IX, and to a lesser
extent coproporphyrm The presence of either 5-COOH- or pseudo 5-COOH-porphyrin
compounds (Moore et al., 1987; Hlft et al, 1997) in stool of VP patients is a useful
differential for diagnosis of VP. Durmg the acute attack all these porphyrin concentrat:ons
rise and the additional presence of URO-, 7-COOH and 6-COOH- -porphyrins can be seen.

Urine

There are significant elevations in the concentrations of all urinary porphyrins during
the acute attack of VP, and the porphyrin precursors, ALA and PBG. in contrast,
urinary porphyrin excretion in VP patients not in an acute attack is highly variable, and
may be completely normal. The most consistent changes are mild elevations in copro-
and uroporphyrin but these are only significant[yiaised in about 30% of quiescent VP
subjects (Eales et al., 1980; Day, 1986; Kappas et al., 1989; Nordmann and Deybach,
1990; Hift et al., 1997).

Plasma

Plasma and serum porphyrin levels are elevated when the VP disease is active. A plasma
porphyrin complex gives a distinctive fluorescence emission spectrum (between 625 -
626nm) at excitation wavelength of.405nm that is diagnostic for VP (Poh-Fitzpatrick, 1980;
Long et al., 1993, Gregor et al., 1994; Da Silva et al.,v 1995). ‘

PPOX activity _

.PPOX is a mitochondrial enzyme and therefore found only in nucleated cells. This
makes the determination of enzyme activity in erythrocytes a much less useful
diagnostic modality in VP than it is in certain of the other porphyrias. Though it is
possible to determine PPOX actnvuty in the Iymphocytes of the buffy layer, the low level
of expressed activity, coupled with the difficulties of the assay renders the distinction
of normal from reduced activity unreliable in a non-specialist laboratory, and the assay
is therefore not suitable for routine diagnostic use}. Measurement of PPOX activity on
Epstein-Barr virus transformed «|ymphoblasts:(Meissner et al, 1986) and fibroblasts
(Brenner and Bloomer, 1980) showed 50% reduction in PPOX activity. However, in
general, it takes 3 — 7 weeks in} culture to prepafe sufficient cells for reliable assay
(Meissner et al., 1986; 1993). - |
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Genetic diagnosis

Elucidation of the DNA sequenicé &fd “characterisation” of the gene encoding human
PPOX has enabled the molecular approach to the diagnosis of VP (Deybach, 1996;
Meissner et al., 1996; Roberts et al., 1996, 1998; Kauppinen et al., 1996; Warnich et al.,
1996a; Lam et al., 1996, 1997, Puy et al., 1996, de Roojj et al., 1997; Corrigall et al.,
1998b; Frank et al., 1998a,b,c,d,e; Whatley et al., 1999). However, this approach does
have its limitations as it is now clear that numerous defects at the molecular level may
underline human VP. The exception has been the South African experience where one
defect (R59W) may account for as many as 95% of all VP in this country (Meissner et
al, 1996), though even here, at least 9 other defects contribute to the total pool of
disease (Corrigall et al, 2001). Given the frequency of this gene, screening for the
R59W defect is highly sensitive and specific for the diagnosis of VP and will diagnose
the condition before puberty unlike all other diagnostic methods.

Gene screening for VP normally takes the form of restriction enzyme analysis on PCR-
amplified DNA. In cases where the family mutation is unknown or no suitable restriction
enzyme exists, genomic DNA isolated from whole blood is amplified by PCR using
appropriate primers. PPOX DNA fragments are produced by PCR and sequenced to
demonstrate the presence of a possible mutation in patients.

PPOX gene mutations responsible for VP

PPOX gene mutations accounting for VP were first reported shortly after the molecular
cloning and sequencing of cDNA encoding human PPOX (Deybach et al., 1996;
Meissner et al., 1996; Roberts et al., 1996; Kauppinen et al., 1996; Warnich et al.,
1996a). Specifically two PPOX gene mutations in three French families (Deybach et
al., 1996) and the founder mutation (R58W) and a further missense mutation in South
African VP patients (Meissner et al., 1996; Warnich et al, 1996a) were reported.

Over a hundred VP mutations have now been reported worldwide. (Table 2.2).
Additional intragenic polymorphic sites have also been identified. The mutations
comprise of deletions, insertions, missense, nonsense, and splicing defects (Meissner
et al., 1996; Warnich et al., 1996a; Deybach et al., 1996; Whatley et al., 1999;). In
most countries there is considerably allelic heterogeneity except in South Africa due to
high number of patients who carry the R59W mutation. In Finland, a single point
mutation (R152C) accounts for 60% of all VP families (Kauppinen et al. (1997), and in
Chile a frameshift mutation in exon 11 (1194-1198delTACAC) was found in four

unrelated families.
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The mutations reported to date are evenly distributed throughout the PPOX gene from
exons 2 to 13. While an earlier report suggesfed a clustering of mutations in exon 6
(Frank et al., 1998a), the reported mutations show no exon having more than 14 (exon
10) or fewer than 3 (exon 9) mutations with the exception of exon 1, the UTR of the
gene, where no mutations have yet been detected, despite the suggestion by Kotze et
al. (1998) that exon 1 is particularly mutation-prone. No mutations have yet been

reported in introns 1, 5, 8 and 13.

Mutations in South Africa

In addition to the predominant R59W mutation in South Africa, other mutations
(R168C, H20P, 537delAT, Y348C, R138P, 769delG; 770T > A, L15F, Q375X and
V280M) have been identified (Warnich et al., 1996a; Corrigall et al., 1998b, 2000)
including the first report in a black South African family (V290M) (Corrigall et al.,
2000). Three of these mutants (R168C, Y348C and R138P) have been shown in the
compound heterozygous state heteroallelic to the R59W mutation (Meissner et al.,
1996, Corrigall et al., 2001).

Correlation between mutation and clinical presentation

There is no Signiﬁcant correlation that has been established to date between the types
of mutations (missense, nonsense, splice site or frame shift) and a specific clinical
presentation (photosensitivity or the acute attack). In addition, the frequencies of each
type of preéentation have been noted in to be similar in France, UK and South Africa.
This suggests that allelic heterogeneity does not substantially alter the pattern of
clinical 'expfession of the disease, and that VP in any other geographical region is
clinically representative of the disease elsewhere. The PPOX genotype does not
appear to bé a significant determinant of clinical severity other than in the so-called

“homozygous” state.

Homozygous variegate porphyria

Homozygous variegate porphyria (HVP) results from mutations in both alleles of the
PPOX gene. This results in a severe decrease in PPOX activity (<20% of normal) (Hift et
al,, 1993; Roberts et al., 1998). There is also a highly exaggerated VP porphyrin excretory
profile although, interestingly, a feature appears to be the absence of acute symptomology
other than in one case (Corrigall et al, 2000). Most cases of HVP result from inheritance of
a different mutation in each allele (compound heterozygosity) (Hift et al., 1993; Roberts et
al., 1998) but in a few cases true homozygosity exists (Roberts et al., 1998). HVP was first
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reported by Kordac et al. (1984), after Wwhich further i:épofié followed (Murphy et al., 1986;
Mustajoki et al., 1987, Coakley et al., 1990; Norris et al., 1990; Gandolfo et al., 1991; Hift
et al., 1993; Meissner et al, 1996; Warnich et al, 1996a; Roberts et al., 1998; Corrigall et
al., 2000).

Clinical features

The distinguishing feature of HVP is its clinical presentation. It is characterised by severe
skin and neurological disease manifesting in an early infancy. However, a case of late
presentation (19 years of age) was reported by Corrigall et al. {2000). Clinical symptoms
include mental retardation, delayed neurological development, seizures, nystagrhus,
brachydactyly, and convulsions. Structural abnormalities of the hands were frequently
reported, ranging from clinodactyly to severe deformity. Growth retardation also occurs.

Molecular biology

Table 2.2 indicates which mutations have been reported in the *homozygous” state.
Molecular analysis of the mutations in HVP support the hypothesis that at least one
mutant allele must code for PPOX with residual catalytic activity (*mild” mutation),
whether a compound heterozygote or surviving homozygote. No cases of R59W
homozygosity have been reported although its frequency is such that homozygosity would
have been expected to occur (Jenkins, 1996). It would appear therefore that
homozygosity for R59W mutation is lethal (Corrigall et al., 2000). The R59W mutation
exhibits extremely low activity and as such can be considered a “severe” mutation.
However, the R168C mutation appears to be associated with some residualiactivrity
(Meissner et al., 1996; Dailey and Dailey, 19.97b)). Further indirect support that one or
both mutations in an HVP patient must be “mild”, is the observation that most of the
parents of the cases described thus far appear to have been latent carriers, and nohe
are reported to have expressed VP clinically.
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Table 2.2: | PPOX gene mutations {From Meissner et al., 2002)
Exon/intron Effact | Restriction  Country No. of References and
and Mutations enzyme » families Comments
Exon 2
1A>G M1V 1 Nialii France 1 Maeda et al. (2000}
1A>C ML Niaill France 1 Maeda et al. (2000}
1A>T M1L Hspo2il Lebanon 1 Frank et al. (1999)
2T=C M1T Hsp92il Ireland / 1 Frank et al. (1999)
Poland
3G=>C M1l Niallt France Whatley et al. (1989)
31G>A G118 USA Frank et al. (2001a)
35T>C 127 Bani Finland 2 Kauppinen et al. {1887},
Fraunberg et al. {2000}
{reported as 35C>T),
Kauppinen et al. {2001)
Compound heterozygote
with P256R.
45G>C L15F Easl UK 7 Whatley et al, (1999},
Corrigall et al, (2001)
SA 1 Corrigall et al, (2001)
58A>C H20P SA 1 Warnich et al, (1986b),
Hift et al. {1997)
78insC Frameshift, Fintand 1 Fraunberg et al. (2000),
: premature stop codon Fraunberg et al. (2001)
intron 2
WS2-2A>C Splicing defect, BstNI Finland 1 Fraunberg et al. (2000},
premature stop codon Fraunberg et al. (2001)
inexon 3
Exon 3
113G>C R38pP Bsll France 1 Whatley et al. (1988)
119G>A GAQE Mni France 1 Whatley et al. {1996}
157- Frameshift, UK 1 Whatley et al. {1999)
160delATCT premature stop codon
165insAG Frameshift, Germany 1 Lam et al. {1097}
premature stop codon
175C>T R59W Aval, Styl SA Common, | Meissner et al. (1998),
' founder | warnich et al. (1996b)
mutation
Holland 5 De Rooij et al. (1987
198-200insT Frameshift, Bgli France 1 Whatley et al. {1999)
premature stop codon .
2187>C L73P BsaJ1 UK 1 Whatley et al. {1588)
intron 3
WV&83-1G>C Splicing defect, Maeill France 1 Whatley et al. {1599)
deletion of exon 4
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3

Restriction

Country

Exon 4 Effect No. of References and
enzyme families Comments
251T>G V846G CviJi UK 1 ‘Whatley et al. {1999)
254T>C L85P France 2 Whatley et al. (1999)
317A>C H106P Argentina 1 De Siervi et al. (2000)
338G>C Splicing defect, Bsu3sl Finland 2 Fraunberg et al. (2001)
deletion of exon 4,
premature stop codon
inexon 5
intron 4
WVS4+1G>A Splicing defect USA 1 Frank et al. (2001a),
reported as 333+1G>A in
table 1.
Exon$5
363-364insC Frameshift, UK 2 Whatley et al. {1999)
premature stop
codon
376-377delCT | Frameshift, MnH UK 1 Whatley et al. (1969)
premature stop
codon
396G>T E133X (nonsense Germany 1 Frank et al. (1998b)
mutation)
413G>C R138P SA 1 Corrigalt et al. (2000),
compound heterozygote
with R59W
428A>T D143v France 1 Whatley et al. (1999)
454C>T R152C Hbal France 1 Whatley et al. {1999)
Finland 2 Kauppinen et al. (1897);
Fraunberg et al. (2000},
Fraunberg et al. (2001)
460dei23 Frameshift, UK 1 Whatley et al. {(1999)
premature stop codon
461T>C L154P EcoRli France 1 Whatley et al. (1989)
470A>C Deletion of exon 5 Bsu36i Finland 1 Fraunberg et al. (2001)
and 20bp retention of
intron 5
Intron 5
None reported
to date
Exon 6
472G>A V158M France 1 Whatley et al. (1999)
502C>T R168C BsaJl SA 1 Meissner et al.
{1996);Warnich et al.
{1996b), compound
heterozygote with RS9W
503G>A R168H Ncol France/UK 2 Whatley et al. (1999)
Holland 1 De Rooij et al. (1997)
USA/J No detail Frank et al. (1997)

Germany




premature stop codon

62 Chapter 2
Exon 6 Effect Restriction | Country No. of - References and
{continued) enzyme farilles | Commaents
Chili 3 Frank et al. (2001b)
GBOSG>A G168k UK 1 Roberts et al. (1998},
Frank et al. {1998a),
compound heterozygole
with G358R
515C>T A172V France 1 Whatley et al. (1999)
528-528insT Frameshift, France 1 Whatley et al. {1989)
premature stop codon
532C>G L1778V ‘ Argentina 1 De Siervi et al. (2000}
538-539delAT Frameshift, Mval SA 1 Corrigall et al. (1888b),
premature stop codon reported as 537delAT
‘ UK 2 Whatley et al. (1999)
542-556del15 Framashift, France 1 Whatley et al. (1999)
premature stop codon
565deiC Frameshift, UK 1 Whatley et al. (1999)
premature stop codon
565C>T Q189X (nonsense UK 4 Whatley et al. (1999),
: mutation) reported as E189X
US/Holland 1 Frank et al. (2001a)
571G>T E191X {nonsense US/Germany | 1 Frank et al. (2001a)
mutation)
59371>G L188X (nonsense France 1 Whatley et al. (1898)
o . mutation}
intron8 .
IVS6+1G>T Deletion of exon 6 France 1 Whatley et al. (1999)
V86-1G>T Deletion of exon 7 Pstl France 1 Whatley et al. (1898)
IVEB+7G>A Not determined (but Denmark 1 Christiansen et al. (2001)
relatively close to :
intron/exon boundary)
Exon 7
657ins12 AZ1GKANA | BstXi UK 1 Roberts et al. (1998),
compound heterozygote
with IWVS11-11T>G
857-658ins12 AZ219KASA UK 1 Palmer et al. {2001),
Compound heterozygotes
with WVS11-1G>A
672G>A W224X (nonsense Nialv France 2 Whatley et al. (1899}
| mutation}-
694G>C G232R Acyl, Mnli France 2 Deybach et al, (1996);
Whatley et al. {1898}
685G>C (G232R Mnill France 1 Whatley et al. (1998)
745-748insC Frameshift, Ddel France 1 Deybach et al. (1996),
premature stop codon ‘ Whatley et al. (1999)
745-748insG . Frameshift, Taqg France 1 Deybach et al. (1996},
premature stop codon ‘ Whatley et al. (1999)
745delG Frameshifi, Franceand UK | 2 Whatley et al. {1989}
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T Réstriction

Country J

Exon 7 Effect No. of References and
{Continued) enzyme families Comments
759-760delAG Frameshift, Mnll Japan 1 Maeda et al. {2000},
premature stop codon reported as 759delAG
769delG;770T> | Frameshiff, Hpall SA 1 Corrigall et al. (2001)
A premature stop sodon
803G>A W268X (nonsense Mael UK 2 Whatley et al. {1889)
mutation)
Intron7
W87+2T>C Deletion of exon 7 UK 1 Whatley et al. {1999)
V87+1del18 Splicing defect, exon UK 1 Roberts et al. {1988},
7 deleted compound heterozygote
with G358R
IVS7-8T>G Creation of an Nialll UK 1 Whatley et al. (1999)
additional splice
acceptor site results
in 8bp added to 5
end of exon 8
Exon 8
841-843delCAC | H281del France 3 Whatley et al. (1898)
849insT Frameshift, Holland 1 De Rooij et al. (1997),
premature stop codon reported as 1126+7
845T>A v28z2b Maelil UK 2 Whatley et al. (1999)
856delA Framaeshift, France 1 Whatley et al. (1999)
premature stop codon
868G>A V290M BsiYl SA 1 Corrigal! et al. (2001}
868G>C V290L Maelll UK 1 Whatley et al. (1989}
915-916delTG Frameshift, USHitaly 1 Frank et al. (2001a)
premature stop codon
Intron 8
None reported
to date
Exon 9
8727>C L.291P Holland De Rooij et al. (1997)
884T>C L.295pP UK Whatley et al. (1999}
Intron 9 ‘
V89-1G>C Deletion of exon 10 EcoRil UK 1 Whatley et al. {1999)
Exon 10 A
908A>T H333L Holland 1 De Rooij et al. (1897),
. reported as within exon 8
10047T>G V335G France 1 Whatley et al. (1999)
1043A>C Y348C Maelll SA 1 Corrigall et al. (2000),
compound heterozygote
with R59W
1046A>C D349A UK 1 Roberts et al. {1898},
homozygote
10487>C 5350P Hinfi UK 1 Whatley et al. {1989)
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- vy \ . Refarences and
Exon 10 Effect Restriction Counﬁry No. _c\_f
{Continued) ' enzyme : families | Comments
UK 2 Roberts et al, (1998),
1072G>A G358R compound heterozygotes
with G169E and
WS7+1del18, Frank et al,
{19984}
1043-1044insT Frameshift, Argentina 2 De Siervi et al. (2?00),
» premature stop codon reported as 1320insT
1053-1054insT | Frameshift, UK 1 Whatley et al. (1999)
. premature stop codon
1081-1082insG | Frameshift, Bgll UK 1 Whatley et al. (1999)
: : premature stop codon
1082-1083insC | Frameshift, Bgl France 8 Whatley et al. (1899)
’ premature stop codon
1083delT Frameshift, Bgll France 1 Whatley et al, (1998)
premature stop codon '
USA 1 Frank et al. (2001a)
1083-1084insG | Frameshift, Bgll France 1 Whatley et al. (1999)
premature stop codon : ‘
1090- . Framesh‘ift, Alwii UK 1 Whatley et al. {1989}
1091delAG premature stop codon
1081insA Frameshift, ' USA 1 Frank et al, (2001a)
premature stop codon ’
1083G>A V365M Mo details No details | Frank et al. (1997)
Intron 10
VE10-1G>T Deletion of exon 11 Ddel France 1 Whatley et al. (1999}
IVE10+1G>A Aberrant splicing, China 1 Lam et al. (2001)
premature stop codon
Exon 11
1106T>C L3IBOP, predicted to Denmark 1 Christiansen et al. {2001),
be disease related reported as 1383T>C
considering
introduction of non-
flexible proline
1119G>A W373X Apyl France 1 Whatley et al. (1889)
1123C>T Q375X {nonsense Maeiil Canada 1 Corrigall ef al. (2001)
mutation} )
1138C>AIns13 Frameshift, Holland 1 De Rooij et al (1987},
premature stop codon : reporied as
1413C>A+13bp
1144- Frameshift, American / 1 Frank et al. (2001a)
1145delGT premature stop codon Indian
1147- Frameshift, France 1 Whatley et al. (1898}
1148delGT premature stop codon
1194- Frameshift, Chile 4 Frank st al. (2001b},
1198delTACAC | premature stop codon reported as
1238delTACAC
1203A>C L401F Finland 1 Fraunberg et al. (2001)
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Infron 11 Effect { Restriction | Country No. of References and
enzyme families Comments
VS11-1T>G Normal mRNA <90% UK 1 Roberts et al. (1998},
compound heterozygote
with A219KANA
IVS11-1G>A Probable deletion of UK 1 Palmer et al. (2001),
exon 11 and compound heterozygote
frameshift with A219KASA
Exon 12 .
1274- Frameshift, Maelll UK 1 Whatley et al. (1999)
1275delGT premature stop codon
1281G>A W427X (nonsense Bstl UK 1 Whatley et al. (1999)
mutation)
1287delA Frameshift, France 2 Whatley et al. (1999)
premature stop codon
1289insT Frameshift, Holland 1 De Rooij et al. 1997,
premature stop codon reported as 1566+T
Intron 12
IVS12+1delG Deletion of exon 12 Spel France 2 Whatley et al. (1999)
VS12+1G>C Splicing defect USA 1 Frank et al. (20013a),
reported as 1290+1G>C
IV812-2A>G Deletion of exon 13 Mspl UK 1 Whatley et al. (1999)
Turkey 1 Frank et al. (2001a),

reported as 1291-2A>G.
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CHAPTER 3

STUDIES ON HUMAN PROTOPORPHYRINOGEN OXIDASE
DEVELOPMENT OF THIS THESIS

Introduction

As detailed in the previous chapters, defects in PPOX (the penultimate enzyme in the

haem biosynthetic pathway) result in reduced enzyme activity and is responsible for

VP. The high incidence of VP in South Africa, due to a founder effect (R59W), has

resulted in this disease being the focus of studies performed in the Lennox Eales
Porphyria Laboratories since their inception.

Human PPOX, an inner mitochondrial membrane protein, is a homodimer and each
monomer contains a FAD binding site close to the NH; terminus and a separate substrate
binding site. PPOX requires molecular oxygen and a flavin cofactor for the conversion
of protoporphyrinogen IX to protoporphyrin IX. No trans-membrane spanning region or
typical leader sequence has been identified. To date, no PPOX crystal structure from
any species has been published. Indeed, characterisation of human PPOX is limited,
and little is known of the specific residues involved in- the 6-electron oxidation

catalysed by this enzyme.

Previous studies on human mutant PPOX

When this study commenced (1996), little work had been published on expressed mutant
PPOXs. Subsequently, the direct effect of some mutations on PPOX activity has been
investigated (Meissner et al.,, 1996; Dailey and Dailey, 1997b; Roberts et al., 1998;
~ Fraunberg et al., 2001; Kauppinen et al., 2001; Morgan et al., 2002). In some of these
studies, activity of expressed mutant PPOX has been determined by direct fluorescence
assay (Meissner et al., 1996, Dailey and Dailey 1997b, Fraunberg et al., 2001). In others,
PPOX activity was screened for by complementation of the E. coli strain SAS38X, which
lacks PPOX activity (Roberts et al., 1998; Morgan et al., 2002).
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This study

In this study the significance and effects of various “clinical” PPOX mutations responsible
for VP in South Africa were examined. We also attempted to gain insight into the role of
the R59 residue, and the glycines in the highly conserved GXGXXG FAD binding site of

PPOX in catalysis and/or cofactor binding.

Chapter 4 describes the expression of human wild type recombinant PPOX. Thereafter,
the generation, by site-directed mutagenesis, of a selection of both naturally occurring
(“clinical”) mutants relevant to South Africa (H2OP, R59W, R168C and Y348C), and self-
designed mutants (the n'on-“clinical’; mutants) is documented. To examine the relevance
of the positively charged R59 residue, a conservative R59K (positive to positive), and two
non-co.nsefvatives, R59S (polar) and R59! (aliphatic or neutral) replacements were
introduced.

The role of the glycine residues in the “GXGXXG" FAD binding motif was investigated by
‘replacing the glycine residues at positions 9, 11, and 14 by alanine to produce the GOA,
G11A and G14A mutations, respectively. ' |

Finally, the expression and purification of the wild type and mutant PPOXs to apparent
homogeneity by metal chelate affinity chromatography is described.

Chapter 5 describes a partial characterisation of these enzymes by investigating their pH
optima, cofactor composition and kinetic behaviour.

Chapter 6 documents the inhibitor profiles of wild type and mutant PPOX with respect to
both DPE inhibitors (AF and MeAF) and the haem breakdown products (BV and BR).

Chépter 7 focuses on the physicochemical characteristics of these proteins utilising CD
spéctroscopy and UV melting. |

Finally, Chapter 8 provides a summary overview and directions for future research.
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CHAPTER 4

PRODUCTION OF HUMAN WILD TYPE AND MUTANT
PROTOPORPHYRINOGEN OXIDASES, THEIR EXPRESSION AND
PURIFICATION

Introduction

The identification of the B. subtilis hemY (hemG) gene sequence (Hansson and
Hederstedt, 1992), followed by the development of a viable expression system of the
soluble form of the B. subtilis PPOX from the pBTac1 expression vector in E. coli (Dailey
et al., 1994c), provided a breakthrough for workers in that field. This enabled the
production of milligramn quantities of the protein, greatly facilitating its purification. Dailey
and Dailey (1996a) published the purification and characterisation of human recombinant
PPOX using a nickel-based affinity method. A second publication, describing the
purification and characterisation of 3 human PPOX mutants using Talon resin (cobalt
based), followed (Dailey and Dailey, 1997b). This has, both directly and indirectly,
impacted on this study.

This chapter describes the transformation and expression of recombinant wild type human
PPOX with a 6X histidine (His) tag at its N-terminus using the isopropyl-1-thio-B-D-
galactoside (IPTG) inducible pTrcHis vector. Thereafter, the creation of a number of
PPOX mutants using the GeneEditor site-directed mutagenesis kit is reported. Competent
E coli JM109 cells were transformed with the human wild type (HPPO-X) and mutant
plasmids and their expression optimised. The single step purification of both wild type and
mutant PPOX is documented.

Objectives
s To express wild type PPOX in E.coli JM109 celis.

= To generate mutant PPOXs by site-directed mutagenesis.
= To optimise expression of these mutant proteins in E. coli cells.

= To purify these proteins to apparent homogeneity.
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Methods

Transformation of wild type PPOX

A wild type HPPO-X/pTrcHis vector was kindly donated by Professor HA Dailey,
University of Georgia, Athens, Georgia, USA. Human PPOX cDNA was modified in his
laboratory in order that the 6X His tag could be placed upstream to the ATG start site. A
nine amino acid spacer was added to the front of the protein facilitating good binding to
the metal affinity column (insertion of the tag immediately adjacent to the ATG start site
resulted in poor binding). The engineered cDNA was inserted into the unicjue Nhel site of
pTrcHis B vector (pHPPO-X). ‘

The PPOX-containing plasmid was trénsformed in our laboratory into competent JM109
E.coli cells as detailed in Appendix 1. Briefly, 1ml of an overnight E. coli cell culture was
added to 100m sterile Luria-Bertani (LB) medium and incubated at 37°C with shaking until
mid log phase (an ODgg of 0.5 — 0.7). The culture was decanted into pre-chilled tubes,
“chilled on ice for 10min, and the cells pelleted at 4°C. The pellet was resuspended in ice-
cold CaCl; pH 8.0 to a volume equal to half the original volume. After placing on ice for
15min, centrifugation followed. The cells were then resuspended in CaCl, to 1/15"™ the
original culture volume, aliquoted into chilled sterile tubes, and stored at 4°C for 12 - 24h

to increase competency.

Wild type human recombinant DNA (40ng in maximum 100ul TE buffer) was added to
200yl of the cells suspension and placed on ice for 30min and thereafter heated at 42°C
for 2min. One ml sterile LB medium was added and the cells incubated for 1h without
shaking. Aliquots of the transformed cells were then spread over LB plates with ampicillin
(100pg!ml) and incubated at 37°C ovérnight. Apparent single colonies were replated to
ensure single colonies. Single colonies were then inoculated into LB medium cbniai'nihg
100pg/ml ampicillin ahd the culture grown overnight at 37°C. Glycerol stocks were then

prepared.

PPOX activity was assayed (see Appendix 13.4} in cultures made from 6 individual
colonies, and the colony that expressed the highest PPOX activity/mg protein was utilised
for further studies.

Site-directed mutagenesis

The R168C mutant plasmid was kindly donated by Professor H.A. Dailey, University of
Georgia, Athens, Georgia, USA. All other mutants were produced as described below.
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Principle

The Promega GeneEditor Site-directed mutagenesis system uses antibiotic selection to
obtain a high frequency of mutants. The selection oligonucleotides provided encode
mutations that alter the ampicillin resistance gene, thus creating a new, additional
resistance to the Genekditor antibiotic selection mix. The selection oligonucleotide is
annealed to the double-stranded DNA template at the same time as the mutagenic
oligonucleotide. Synthesis and ligation of the mutant strand links the two oligonucleotides.
The resistance to the antibiotic selection mix encoded by this mutant DNA strand
facilitates selection of the desired mutation. The efficiency of mutagenesis is improved by
an initial transformation into competent mutS cells. This repair minus strain of E. coli is
used to avoid selection against the desired mutation. A second transformation is
performed into JM109 to ensure segregation of mutant and wild type plasmids and results

in a high proportion of mutants.

Procedure

Mutants were engineered from the wild type HPPO-X/pTrcHis vector using the GeneEditor
kit as follows: A 10ml overnight culture of HPPOX was prepared and 6ml of the PPOX
expressing cells harvested by centrifugation, and plasmid miniprep performed (see
Appendix 3 for details). The extracted DNA was quantified on a GeneQuant

spectrophotometer.

Four sets of oligonucleotides were designed to cover the entire PPOX cDNA sequence
enabling polymerase chain reaction (PCR) to be performed on the ¢cDNA, generating 4
fragments (see Appendix 6.1). In addition, mutagenic oligonucleotides weré designed for .
creation of the desired mutants. All mutagenic oligonucleotides were 5'-phosphorylated as
this significantly increases the number of mutant clones (see Appendix 5). The mutagenic
and the selection oligonucleotide used were complimentary to the same strand of DNA to
achieve coupling of the antibiotic selection to the desired mutation. The appropriate
hybridisation (annealing) temperature for each mutant oligonucleotide, was determined by
performing gradient PCR on the relevant ¢cDNA fragment, using either the fragment
forward or reverse oligonucleotide, together with the appropriate mutagenic
oligonucleotide (see Appendix 5.3) using extracted DNA from wild type PPOX as
template. The hybridisation temperatures used are shown in table 4.1.

The annealing reactions were prepared by mixing appropriate amounts of DNA template
(0.05pmol), phosphorylated selection oligonucleotide (0.25pmol), phosphorylated
mutagenic oligonucleotide (1.25pmol), annealing buffer (2ul) and deionised water (to final

volume 20ul). After heating at the appropriate annealing temperature for 5min the reaction
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was cooled slowly to-37°C._ Mutant strand synthesis and ligation was performed by
incubating the reaction at 37°C for 90min with 1pl T4 DNA polymerase and 1ul T4 DNA

ligase in 3ul of 10 x synthesis bufferin a ﬁnal volume of 30ul.

Table 4.1: Optimum hybridisat'ion'temperatures as determined by gradient PCR
Mutants Hybridisation
temperaturas {-C})

Y348C 50

H20P 53

R59W 57

R59K 51

R539S 51

R591 51

GYA 57

G11A - 57

G14A 59

Transformation of BMH 71-18 mutS competent cells

After thawing, 100pl mutS competent cells were placed in chilled culture tubes and 1.5ul
of mutagenesis reaction added. After standing on ice for 10min, cells were heat-shocked
for 50s at exactly 42°C without shaking, then placed on ice for 2min. Nine hundred pl of
LB medium at room temperature (without antibietic) was added to the reaction. Incubation
for 1h at 37°C with shaking followed, to allow expression of the resistance gene. A 5mi LB
culture containing GeneEditor Antibiotic Selection Mix was then prepared from the above,
- and incubated overnight at 37°C with shaking (for details see Appendix 5.5).

Plasmid DNA Purification

The plasmid DNA was purified from the above overnight culture using the Wizard Plus SV
miniprep DNA purification procedure (see Appendix 3) and the DNA quantified on a
GeneQuant spectrophotometer.

Transformation into JM109

This transformation is detailed in Appendix 5.6. LB agar plates containing ampicillin and
antibiotic selection mix were prepared Fhawed, JM109 cells (100pl) were transferred into
pre-chilled tubes on ice. Two transformatrons were performed (approxrmate!y 2.5ng and
5ng of plasmrd DNA used) and tubes kept on ice for 30min. Cells were heat-shocked for
50s in a water bath at exactly 42°C without shaking. SOC medium (900ul) at room
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temperature was added to each transformation reaction, and incubated for 1h at 37°C with
shaking. Cells were plated and incubated at 37°C for 12 — 14h. A selection of single
colonies were inoculated into 10ml LB medium containing 100ug/ml ampicillin in each
case, and grown overnight, with shaking at 37°C. Glycerol stocks were prepared for each
culture growth and stored at -70°C. Plasmid minipreps were performed on the remains of

the culture growth and the DNAs quantified on a GeneQuant spectrophotometer.

Mutational analysis

The appropriate ¢cDNA fragment (which included the mutation) was amplified by PCR
utilising DNA (approximately 250ng) extracted from each of the cultures (see Appendix
6.1 for details). The PCR prbducts weré analysed on a 6% polyacrylamide gel to check for
successful ampliﬁcaﬁon of pure product. Where possible, restriction analysis was utilised
to screen colonies as outlined in Appendix 7.1. If not" colonies were sequenced directly.
Mutations were confirmed by automated direct sequencing of the relevant cDNA fragment,
which included the mutation of interest. Furthermore, once a mutation had been
confirmed, the entire cDNA sequence was sequenced to ensure the absence of any

erroneous mutations.

Expression of protoporphyrinogen oxidase

Prior to purification of the PPOX proteins, their expression was optimised.

Effect of culture time and temperature on expression

Transformed E. coli JM109 cells (500ul) containing wild type (or mutant) plasmid were
inoculated into 1L of LB medium with100ug/ml of ampicillin and mixed thoroughly. Under
sterile conditions, seven 100ml aliquots of the culture were placed in sterile 500ml flasks
and grown with shaking at 37°C. Single flasks were removed from the incubator at time
intervals of 12, 14, 16, 18, 20, 22, and 24h. Cells were harvested with centrifugation at
3000g at 4°C for 30min. Cells were resuspended in 5ml assay buffer, sonicated,
centrifuged, and the supernatant retained for analysis of enzyme activity. The procedure
was repeated at 25°C and 30°C.

Effect of IPTG induction on PPOX expression

Transformed E. coli JM109 cells (100ul) containing wild type (or mutant) plasmid were
inoculated into 10ml of LB medium containing 100ug/mi of ampicillin and grown overnight
with shaking at 37°C. The overnight culture (100pl) was inoculated into 2 x 1L of LB
medium containing 100ug/mi ampicillin and the cells grown with shaking at 37°C to mid-

log phase. IPTG was added to one of the flasks to a final concentration of 1mM and the
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culture thoroughly mixed. From each L of culture, six 100mi aliquots were removed into
500ml sterile flasks. For both IPTG-induced and non-induced, one -of the flasks was kept
for processing (time zero) and the remaining five were grown further with shaking. Flasks
were removed at time intervals of 1, 2, 3, 4, ahd 5h and cells processed as above.

Purification of wild type and mutant PPOX

Principle

The 6X His tag renders the PPOX susceptible to immobilised metal affinity
chromatography. Talon resin was utilised in this study. This uses a dentate metal chelator
for purifying recombinant poly-His tagged pfoteins, thus overcoming the problem of metal
leakage encountered with other resins. Thistchelator holds the electropositive metal in an
electronegative pocket tightly. The binding pocket is an octahedral structure in which four
of the six metal coordination sites are occupied by the Talon ligand, thus ehhancing the
Talon’s protein binding capacity. Nickel based immobilised metal affinity chromatography
(IMAC) resins often bind unwanted host proteins whereas Talon has a significantly
reduced affinity for host proteins, thus avoiding extensive washing. Another advantage is
that His tagged proteins elute under slightly less stringent conditions than with nickel
based IMAC resins.

Procedure

pHPPO-X was initially transfected into and maintained in JM109 E. coli cells, as were the
various mutants. JM109 cells (0.5ml of a 30% 'glycero! stock) containing wild type or
mutant recombinants were inoculated into 1L LB medium coﬁtaining 100pg/mi ampicillin
and incubated for 18h at 30°C on a rotary shaker. Cells were harvested by centrifugation
for 30min at 4°C. The pellet was resuspended in 30ml sonication buffer (0.02M Tris/HCl,
0.3M NaCl, 0.01M imidazole, 1% (w/v) n-octyl-B-D-glucopyranoside, pH 8.0), and the cells
sonicated. The lysate was then centrifuged at 1050009 for 30min at 4°C and the

supernatant retained.

The entire purification was performed at 4°C for both wild type and mutant PPOX. One ml
of Talon resin was pre-equilibrated with 10ml sonication buffer and the supernatant
loaded. The column was washed with 10 ml of sonication buffer followed by 10ml 0.02M
Tris/HCI, 0.3M NaCl, 0.02M imidazole, 0.2% (w/v) n-octyl-B-D-glucopyranoside, pH 8.0,
prior to elution in elution buffer (0.02M Tris/HCI, 0.3M NaCl,. O.Z‘M imidazole, 0.2% (w/v) n-
octyl-B—D-gIucopyranoside, pH 8.0). Pheny!methylsulfony!ﬂuoride (PMSF) was added to all

buffers to a final concentration of 1ug/ml, throughout the purification procedure. The
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Table 4.2: continued
Fractions YVolume Protein Total Protein | Total Activity Activity Percentage
(mi) Concentration (mg) {(nmol/h) {nmolimg/h) Recovery
{mgimi) :
WASH
Wild type 15 017 286 12210 4696
Y348C 14 0.35 4.9 7590 1581 4
R168C 14 0.54 7.6 4529 608
H20P 13 0.36 4.7 231 48 28
R59W 15 0.68 9.9 0 0 G
R59K 14 0.19 2.66 2744 1032 0.4
R598 17 0 0 0 0 0
R591 15 0.38 5.70 129 23 1
GBA 12 0.62 7.75 325 42 13
G11A 18 0.26 416 30 7 35
G14A 15 043 6.45 5475 849 2
ELUATE
Wild type 4 0.47 1.80 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
R5W 2 0.39 0.78 1000 1282 38
R59K 2.8 0.54 1.51 233612 155741 33
R5938 4.7 047 2.21 21808 9868 86
R591 27 0.61 1.85 9315 5646 84
GoA 1.0 0.12 0.12 238 1988
G11A ‘0.9 0.03 0.03 3 106
G14A 1.5 0.46 0.69 122400 177381 35
Discussion

The GeneEditor mutagenesis kit was successfully utilised to generate 9 PPOX mutants. in

the transformation of mutS competent cells the volume of the antibiotic selection mix
added to the overnight culture was reduced by 50% as repeated attempts utilising the

concentration recommended in the manufacturer's protocol proved unsuccessful. In some

cases, in the transformation intc JM109 cells, co-transfection of cells with both wild type

and mutant plasmids occurred and was clearly seen on restriction analysis. Reduction of

the amount of DNA used in the transformation reaction reduced this problem

considerably.




84 : : Chapter 4

As this study included the. pu}'iﬁcation and kinetic characterisation of human wild type and
mutant PPOXs, it was important thét soluble, fuhctional!y active protein be expressed. It is
known that growth températures oﬁén directly-affecf both expression levels and protein
solubility (The QlAexpressionist, 2001),'_and”!c_>\(ver temperatures can reduce expression
levels leading to a higher amount of soluble prdtein. Overly high levels of expression may
produce insoluble inclusion bodies (Kane and Hartley, 1988). It is, however, difficult to
generalise as the formation of inclusion bodfes is influenced by several factors including:
the nature of the protein (such as hydrdph‘obicity), the level of expression (high levels
result in aggregation), the host céll (Coligan et al., 1995), and finally the choice of vector.
Therefore, it was important to det_ermine the activity of expressed protein at various time

intervals and different temperatures, with or without IPTG induction.

In our laboratory, 30°C without IPTG induction was found to be the best condition for
growth of wild type and mutant PPOXs. This yielded acceptable amounts of soluble

protein in most cases, which could be purified to homogeneity and characterised.

The soluble protein so produced allowed the puriﬁcaﬁon of PPOX under native conditions
using metal affinity chromatography. This avdidéd the need to solubilise with detergents
such as 8M urea or 6M guanidiniUm hydrochloride prior to purification, and having to
attempt to renature after the purification (Wingfield et al., 1995).

We chose to use Talon resin in preference to Ni-NTA agarose. In preliminary experiments
we found that non-specific binding to Ni-NTA agaroée was problematic, resulting in impure
protein being eluted. Indeed, even in the case of wild type PPOX, where excellent yields
were obtained with Ni-NTA agarose, slight con_tarhinants were still apparent on SDS-
PAGE. Furthermore, wild type PPOX bound extréme!y tightly to the Ni-NTA agarose,
requiring very high NaCl and imidazole concentrations in the elution buffer.

We included a low concentration of imidazole in the sonication and wash buffers to
prevent non-specific, low affinity binding of background proteins. In addition, 0.3M NaCl
was present throughout the procedure. Fina'lly, we minimised the amount of resin utilised
in an attempt to competitively elute off nOn-spéciﬁcaliy bound proteins. 6X His-tagged
proteins have a higher affinity for the resin thah background proteins. Thus, very few non-
tagged proteins should be retained on the resin, if hearly all the binding sites are occupied
by the tagged proteins. All purifications were performed at 4°C, as binding to Talon resin

appeared to be stronger for many of the mutants at this temperature.

An imidazole-based purification was used. Imidazole eluted the PPOX, as it binds
competitively to the histidine side chain. The low concentration of imidazole present during
loading did not prevent the bulk of PPOX from binding to the resin.
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The protein yields varied con5|derably (Table 4. 2) ThIS varlatlon may be explained by
observed differences in bmdmg aff nmes for the resm and/or the fact that mutant proteins
could be more poorly expressed and unstable and undergo proteolytic cleavage in the cell
(Dailey and Dailey, 1997a).

Conclusions

« The pTrcHis expression system for cloned human PPOX was viable in our laboratory.

= The GeneEditor kit was suitable for the generation of PPOX mutants. Nine mutant
PPOXs were generated. ‘

»  Both wild type and mutant PPOXs could be expressed and purified to apparent
homogeneity by a single étep puriﬁcétion procedure based on metal affinity
chromatography under native conditions. However, it is important that the purification
procedure is optimized. _

= Acceptable yields of pure protein could be obtained for wild type, and most mutants,
allowing their characterisation, which forms the basis of the remainder of this

dissertation.
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CHAPTER 5

PARTIAL CHARACTERISATION AND KINETICS OF WILD TYPE
AND MUTANT PROTOPORPHYRINOGEN OXIDASE

Introduction

As stated in Chapter 3 missense mutations in the translated region of PPOX may
directly affect substrate specificity, binding, stability or catalysis, the ability to bind and
utilise FAD, or the ability to transiocate to the mitochondria. Studies of specific mutant
functionality may allow us to draw conclusions with regard to the functioning of PPOX
generally. Indeed, there have been some kinetic characterisations of wild type and
three mutant PPOXs (R59W, R168C, and A433P) reported (Dailey and Dailey, 1997b).
However, most studies are limited to the effects of the mutations on PPOX activity
alone (Roberts et al., 1998; Fraunberg et al, 2001; Morgan et al., 2002). This chapter
reports a detailed characterisation with respect to enzyme activities, kinetics and FAD
cofactor binding of wild type and a selection of mutant PPOXs, the expression and
purification of which has been described in Chapter 4.

Objectives

= To study the kinetic behaviour (k. K, and catalytic efficiency) of human wild type
and mutant PPOXs.

= To study the effects of mutations on the flavin cofactor (FAD) binding.

Methods

Protoporphyrinogen oxidase activity assay

Our method for the measurement of PPOX activity (Meissner, 1986) is based on the
quantitation of fluorescent product (protoporphyrin IX), which results from the oxidation of
the non-fluorescent substrate protoporphyrinogen IX. The constant velocity formation of
product from substrate is measured under saturating conditions. In essence, thga reaction
mixture comprised assay buffer, substrate, and enzyme preparation. A corresponding
blank (with heated enzyme) was prepared for each reaction tube. All enzyme assays were
performed no less than three times on different days using different enzyme preparations.
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Data presented in this entire thesis as mean (+/-) were calculated for standard deviation.
The method is detailed in Appen_dix 13.4.

pH optima

The effect of pH on PPOX activity was determined over the range 5.8 — 9.8 using the
following buffer systems: Na phosphate (pH range 5.8 — 7.8), Tris/HCI (pH range 7.4 —
9.0), and Na carbonate (pH range 9.4 - 9.8).

Derivation of kinetic constants |

The Michaelis constant K,, and the maximal velocity Vpex was determined by measuring
the constant velocity formation of protoporphyrin IX from protoporphyrinogen 1X in the
substrate range 0.5 — 25 uM over an incubation time of maximum 1h. Substrate velocity
plots were created from sufficient repreéentative points to allow accurate determination of

the constants.

Calculated values were determined by the computerised Gauss-Newton iterative, non-
linear curve fitting procedure. The catalytic constant k.., was calculated from the Via,.

Fluorimetric analysis of cofactor from purified PPOX

Purified wild type and mutant PPOXs were subjected to trichloroacetic acid (TCA) -
precipitation'to extract the flavin cofactor as detailed in Appendix 15. Briefly, after
centrifugation to remove the TCA precipitate, the supernatant was retainéd, divided
into 2 aliquots, and the pH adjusted to 3.5 and 7.4 respectively. The fluorescence
spectra were then recorded between wavelengths of 480 and 600nm at an excitation
wavelength of 450nm. This allows identification of the cofactor as either FAD or FMN
as these two flavins display characteristic spectra at these two pHs.

Spectfophotometric analysis of purified PPOX and FAD binding

To analyse potential effects of the mutations on FAD binding to the protein, PPOX
UV/VIS spectra were recorded from 250 - 550nm for both wild type and mutants under
identical conditions (in elution buffer) at room temperature. The UV/VIS spectrum of a

FAD standard (10uM) was also recorded for comparative purposes (Appenqix 15).

To assess the FAD content, absorption at the maximum wavelength of 450nm was
measured and expressed as absorption/mg protein/ml.
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Results

pH Opti.ma

Generally, there was rapid auto-oxidation at acidic pHs, which was difficult to control for.
However, all pH optima were in the basic range. The pH optimum for the oxidation of
protoporphyrinogen IX for wild type and all mutants was 8.2, with the exception of Y348C
where the optimum was 7.8 (Figure 5.1). The pH optima could not be determined for
mutants H20P, GBA and G11A due to low yield. Seeing that all other forms of PPOX had

similar basic pH optima, we opted to assay these 3 at a pH of 8.2.
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Figure 5.1: pH optima of wild type and mutant PPOXs measured in Na Phosphate (e}, Tris/HCI {u}

and Na Carbonate{4).
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PPOX activity assay and kinetics

Figure 5.2A shows a typical wild type substrate velocity plot used in the determination
of Km and Vmax. For human PPOX the oxidation of protoporphyrinogen IX to
protoporphyrin IX obeyed Michaelis-Menten kinetics as seen by the typical saturation
of enzyme by high concentrations of substrate and yielded a straight line when the
double-reciprocal was plotted (Lineweaver-Burke plot) (Figure 5.2B). A complete set of
kinetic data could not be determined for mutants H20P, GBA and G11A due tb low yield.
PPOX activity assays were performed at substrate concentration of 15uM under

saturation conditions.
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Figure 5.2: A: Typical substrate-velocity plot for enzymatic oxidation of protoporbhyrinogen X to

protoporphyrin IX by human wild type PPOX. The curve followed typical Michaelis-
Menten kinetics.
B: Lineweaver-Burke plot showing 1/V vs 1/8.

Figure 5.3 shows the kinetics of enzymic and non-enzymic (heat denatured enzyme)
formation of protoporphyrin X for a highly active enzyme (wild type) and less active
enzyme (R59W). For both wild type and R59W the enzyme catalysed reaction was
higher than the auto-oxidation reaction. Similar were observed for all other mutants.
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Figure 5.3: Kinetics of the enzymic {4) and non-enzymic {u} formation of protoporphyrin IX.
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Table 5.1 lists the specific activity (nmol/mg/min) for wild type and mutant PPOXs and
expresses them as a percentage of wild type activity (See Appendix 21 for actual data).
Y348C and R168C mutants showed some residual activity of 8 and 17% of wild type
PPOX activity, respectively, whereas for R59W and the H20P the activity was negligible.
R59K resulted in considerably less disruption (37% of wild type activity) than when the
positive charge was removed (<3% of wild type activity, for R59S and RS59Il). The
substitution of glycine by alanine in codon position 14 resulted in less disruption (G14A

activity, 42.6% of the wild type activity) than in codons 9 and 11 (GYA and G11A activity,
<1%).

Table 5.1:  Specific activities of wild type and mutants, and percentage activity of wild type PPOX

PPOX - Specific activity Percentage
. {nmolfimg/min) of wild type activity
Wild type 7150.00 + 192 (n=4) 100
- Y348C 617.00+ 897 (n=4) 8.6
R168C 1257.00 + 414 (n=3) 17.5
H20P 11.324+0.75(n =3) 0.2
R59W 19.75 + 1.05 (n = 4) 0.3
R59K _ 2690.00 4+ 66.7 (n=3) 376
R598 183.10 4+ 11.0(n=4) 2.6
R591 106.00 + 7.27 (n=4) 1.5
GSA 36.854+280(n=23) 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 gives the K, K.t and catalytzc efﬁcuency (kcat/Km) (See Appendix 21 for actual
data). There was a relative | invariance in Kn for aII enzymes except for R59S and R591,
which had an approximately two-fold lower affinity for the substrate. As in the case of
their specific activities, the catalytic efficiencies of Y348C and R168C were lower than
wild type (7 and 14% respectively) but higher than R59W. The study of the catalytic
efficiency on R59 mutants showed 44% of wild type for R59K, 1.4% of wild type for
R59S, and 1% of wild type for RE91. R59W had lowest catalytic efficiency (0.42% of wild
type). Repeated attempts to determine K, FAD binding and T, (see chapter 7) for the
H20P, G11A and GSA mutants proved unsuccessful due to the low protein yield and very

low apparent activity, making it impossible to obtain accurate kinetic data.

Table 5.2: Substrate binding affinity and catalytic efficiency of wild type and mutant PPOXs
PPOX K, (M) Keae (s KoKy (871.0M7)
Wild type 0.85 4+ 0.09 (n = 6) 5.95 + 0.44 (n = 6) 7.00
Y348C 1.07 £+ 0.09 (n = 6) 0.53 1 0.07 (n = 6) 0.50
R168C 1.00 + 0.06 (n = 4) 1.02 + 0.03 (n = 4) 1.02
H20P ND ND ND
R59W 1.26 4 0.1(5 {n = 5) 0.04 + 0.01 (n=35) 0.03
R59K 0.83+009 (n=3) 257 +0.12 (n=3) 340
R53S 1.70 £+ 0.24 (n=4) 017+ 0.01 (n=4) 0.10
R581 2.084+0.08 (n=3) 0.15+0.01 (n=23) 0.07
GOA ND ND ND
G11A ND ND ND
G14A 0.8510.03 (n=3) 3904015 (n=3) 4.59

ND = not determined




94 v : Chapfer 5

Fluorometric identification of the cofactor

The fluorescence spectra of extracted cofactor from purified wild type PPOX when
measured at acidic and neutral pH showed the characteristic FAD pH-dependent shift
(Figure 5.4). FAD was readily extracted from the protein by TCA precipitation.

1 yoXapstandard -
TR g
f Lo Nenas
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Figure 5.4: Fluorescence smission spectrum of wild type and standard FAD. The spectrum was
recorded at an excitation wavelength of 450nm and had a maximum emission wavelength
at 520nm.
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UVIVIS spectra of FAD cofactor

UVNVIS spectra were recorded for FAD standard, punf ied wild type, and mutant PPOXs.
The spectra for wild type and mutants R168C, Y348C, R59K, R59S, R59l, G14A were
milar, Figure 5.5 shows the spectra for FAD standard, purified wild type, R59K and

R59W PPOX. All PPOXs except for REOW showed FAD-type spectra with absorption
maxima at 375 and 450nm.
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Figure 5.5: UVIVIS spectra of FAD standard, purified wild type, 58K and R58W PPOXs. Absorption

maxima at 375 and 450nm are apparent for FAD standard, wild type and R58K mutant
PPOX. A spectral change can be seen for REGW.

Figure 5.6 (See Appendix 21 for actual data) shows the absorption maxima at 450nm
expressed per mg protein giving an indication of the amount of FAD bound/not bound.
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Figure 5.6: FAD absorption at 450nm for wild type and mutant PPOXs. FAD content was expressed
as ODImg/mli of protein. Data are means + 8.D. forn=3.
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Effect of FAD on catalytic activity

Addition of exogenedus FAD (10uM-100uM) to the PPOX assay did not increase activity
for both wild type and mutants.

Discussion

PPOX kinetics

The rvesultsv obtained from PPOX assays were reliable even though no error bars were
shown. Assays were performed for more than once to ensure reproducibility of data.

PPOX activity was reduced in all mutants, to some extent. The presence of some residual
activity is apparent in both Y348C and R168C, in cdnfrast to R5OW and H20P, where the
activity was négtigible. Both the Y348C and R16‘SC mufations were identified in compound
heterozygous individuals, i.e. they have one of these mutations in addition to the common
South African R59W mutation (Meissner et al., 1996‘ Corrigall et al., 2000). Although
these patients are clinically severely affected, the fact that they survive suggests that at
least this level of residual PPOX activity, togethér With the negligible R5SW activity, is
compatible with life, as has been suggested prevfo_Usly (Roberts et al., 1998; Whatley et
al., 1999; Corrigall et al., 2000; and .Morgan et ail_.,: 2’00'2). Interestingly, our activity results
demonstrate that both R168C and Y348C have catalytic activity an order of magnitude
greater than that of R59W. This, in spite of the'possibility, that R168C lies within a
membrane-anchoring domain (Arnould et al., 1999),,w.hich may alter enzyme stability and
the possibility that additional cysteine residues in both cases may cross-react to form
alternative disulfide linkages and could thus be predicted as relatively severe
replacements. On the other hand, a recent report (Mofgan et al., 2002) demonstrated that
R168H had negligible activity in spite of a relétively conservative replacement. This
underlines the necessity to exercise caution in predict_i'ng the effects of specific mutations
in PPOX.

Of note, is that in the case of Y348C, all other family members who tested positive for this
single mutation had normal porphyrin biocherhistry (Corrigall et al., 1998b). The patient’s
father did, however, demonstrate a small peakf atf_626nm on plasma fluoroscanning,
indicative of VP. These findings areﬁsL!pportive of a “lésserf' mutation. Similarly no other
relatives of the R168C/R59W homozygote, who Wefe heterozygous for this mutation,
~showed any clinical or biochemical symptoms of VP _(Meissner et al, 1996).

The activity in H20P is severely diminished, probably because it involves substitution of a
positively charged amino acid, histidine, by a hydrophobic amino acid, proline. Proline



" Partial Characterisation and Kinetics of Wild Type and Mutant Protoporphyrinogen Oxidase 97

residues have the propensity to form reverse turn structures in which its ring structure fits
well and decreases protein flexibility' By disruption 6f -helices (Tian et al, 1998). In
addition, the H20P falls in the putative dinucleotide binding site (Wierenga efa!., 1986,
Dailey and Dailey 1997) and occurs immediately adjacent to a conserved leucine (L21).
Our findings of severely reduced K.ys and relatively invariant K,s for R168C and R59W
are in agreement with the findings of Dailey and Dailey (1997b). There was a relative
invariance in Ky, for all enzymes except for R59S and R59I, which had an approximate
two-fold lower affinity for the substrate and R59W where a slight decrease in binding
affinity is apparent. This suggests, at least in part, a substrate binding problem in R59
mutants rather than a mechanistic problems.

In the study of the relevance of the R59, the introduction of both a conservative R59K and
two non-conservative replacements R59S8 and R591 showed almost complete loss of
PPOX activity for non-conservative substitutions underlining the requirement of a positive
charge in codon 59.

FAD cofactor

This study identifies FAD as the flavin cofactor present in human PPOX. The relative ease
of extraction of the FAD cofactor from the PPOX, suggests that it is non-covalently
associated with the protein. This data is in keeping with earlier reports (Dailey and Dailey,
1996a; Dailey and Dailey, 1997Db).

The common South African founder mutation, R59W (Meissner et al., 1996), falls within
the 60 bp flanking region of the putative FAD dinucleotide binding motif of PPOX
(Nishimura et al., 1995a, Dailey and Dailey, 1998). This makes it attractive to speculate
that this may account for the severe loss of enzyme activity of the R59W. The UV/VIS
spectrum of R59W PPOX is different to that of wild type and all other mutants indicating
that FAD interaction with the protein is compromised (Figure 5.5). The low ODse/mg/mi
(figure 5.6) confirms this.

However, both conservative and non-conservative replacements in R59 appeared to bind
FAD, although in RESW binding was reduced (Figure 5.6). The activity data and the fact
that FAD binding is reduced in the R59W mutant suggests that R59 is required for
catalytic activity (either directly or via impaired substrate binding) and the lack of FAD
binding is due to the bulky nature of the aromatic tryptophan, rather than the loss of the
positive charge. Reduced FAD binding confirms earlier studies of Dailey and Dailey
(1997h). Hydrophobicity at this position would appear to be unimportant for FAD binding
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as both R591 and R59W are hydrophobic replacements, yet differed in their ability to bind
FAD.

Considering the FAD and activity data together: The R59W mutant has both severely
compromised activity and FAD binding, while the R538S and R58I mutants (uncharged
replacements) had reduced activity yet maintained FAD binding, and the R59K (positive
charge replacement) had activity and bound FAD, strongly suggests that the positive
charge at position 59 is required for catalytic activity and not FAD binding. Furthermore,
the fact that additional FAD was ineffective in overcoming any potential impairment of
FAD binding supports this.

The FAD binding motif

PPOX exhibits a highly conserved GXGXXG (where X denotes any residue) motif at the
N-terminus, which is recognised as a signaturé sequence in a large number of
dinucleotide-containing proteins. Crystallographic studies performed on other
flavoproteins confirm that the involvement of these residues in FAD binding (Vrielink et al.,
1991, Roberts et al.,, 1996). Careful analysis of the known three-dimensional structures
(’using amino acids that are available in the Protein Sequence Database of Protein
Identification Resource) of ADP-binding BaB-folds revealed the importance of the
GXGXXG motif in this region (Wierenga et al., 1986). Our results for substitution of glycine
by alanine in the mutations GSA, G11A and G14A were in agreement to those of Nishiya
and Imanaka (1996). GOA and G11A demonstrated <1% of wild type activity; G14A 42%.
They investigated the importance of the glycine in the 1%, 3 and 6" positions of the
GXGXXG motif in Athrobacter sarcosine oxidase. They showed that substitutioh at
positions 1 and 3 of the motif sequence was highly significant, and at the 6" position less
so. Clearly these glycines are critical for structural maintenance of the dinucleotide binding
site and consequent activity of the protein. The “X’-residues are much less important.
Furthermore, our results indicate that FAD binds to the G14A mutant although no
comparison with GSA and G11A was possible, due to low yields of a low activity enzyme.

Nishiya and Iminaka (1996) examined the frequencies of amino acids appearing in the
GXGXXG motif. Apart from the 3 highly conserved glycines, only the first X showed any
clear tendency, in that glycine and alanine appeared in approximately 42% of the 133
sequences of the FAD or NAD-dependent proteins studied. It was noted that overall, large
amino acids were infrequent and the frequencies of basic, acidic and aromatic amino
acids were especially low.

Nishiya and Imanaka were able to reverse the deleterious effects of certain mutations on
the FAD spectra of Arthrobacter sarcosine oxidase (also a flavoprotein) by addition of
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chloride ions, thereby reactivating the protein (Nishiya and Imanaka, 1996). In our study

there was no need for addition &f ‘chicride ions for feactivation since a relatively high

concentration of NaCl was present in the elution buffer.

Conclusions

All the mutations under investigation in this study resulted in reduced PPOX activity to
varying degrees.

R58W, H20P, GOA, G11A had negligible PPOX activity and represent “severe”
mutations, but Y348C and R168C can be considered “lesser” mutations.

This work suggests that the positive charge at R59 is directly involved in catalysis and
not for FAD binding.

A “bulky” residue (such as tryptophan) at position 59 impairs FAD binding, yet
hydrophobicity appears unimportant.

The substitution of glycine by alanine in codon 14 is less disruptive than in codons 9
and 11 in the conserved GXGXXG motif.
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CHAPTER 6

INHIBITION STUDIES ON HUMAN WILD TYPE AND MUTANT
PROTOPORPHYRINOGEN OXIDASE

Introduction

The study of the structure and function of PPOX was stimulated by the fact that DPEs
are potent inhibitors of PPOX and provide a useful tool to investigate the substrate
binding site/catalysis of the enzyme. (Matringe et al., 1989a; Witkowski and Halling,
1889; Duke et al., 1890, 1991b; Camadro et al., 1991; Nandihalli and Duke, 1993;
Scalla and Matringe, 1994; Reddy et al., 1995). The details of this inhibition have been
reviewed in Chapter 2. Generally they are competitive inhibitors (with respect to the
tetrapyrrole substrate protoporphyrinogen 1X), however, this inhibition by DPEs is not
seen in all PPOXs, eg B. subtilis, E. Coli and B. japonicum PPOXs (Jacobs et al.,
1990; Dailey et al., 1994).

An important feature of these inhibitors is that their structure mimics half of that of the
protoporphyrinogen IX enabling geometric fit into the active site (Nandihalli and Duke
1993). It could also be expected that certain other tetrapyrrolic compounds may also
inhibit PPOX. Indeed, haem and its metabolic products BR and BV are also effective
inhibitors of PPOX (Poulson and Polglase, 1975; Camadro, 1985; Ferreira and Dailey,
1988; Corrigall et al., 1998a).

In this chapter, the effect of two DPEs, AF and MeAF, and the haem breakdown
products, BV and BR on activity of wild type and some mutant PPOXs, is examined.
This investigation was undertaken in an attempt to gain further insight into the nature
of the active site of PPOX.

Objective

To investigate the inhibitory effect of AF, MeAF, BV and BR on the oxidation of
protoporphyrinogen |X to protoporphyrin 1X by human wild type and a selection of mutant
PPOXs by determining the kinetic parameters, ICso, K, K, o, and mode of inhibition.
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Methods

Inhibition studies and determination of kinetic data

These studies were performed as described by Corrigall, et al. (1994) using AF, MeAF,
BV and BR. A complete set of data representmg all kinetic inhibition parameters in every
‘mutant, using all inhibitors was not performed due to the dlfﬁculties and tedium associated
with PPOX assay. However, enough data was collected to a!low certain conclusions to be

drawn.

PPOX activity was assayed in the presence of the inhibitor by measuring constant velocity
formation of protoporphyrin IX from protoporphyrinogen X (see Chapter 5 and Appendix
13.4). The reaction mixture comprised assay buffer (0.1M Tris/HCI, 0.001M EDTA,
0.003M DTT, 0.1% Tween 20, pH 8.2), lsubstrate, inhibitor and enzyme preparation. A
corresponding blank (with heated enzyme) was prepared for each reaction tube.
Protoporphyrin fluorescence was dire’ctbly proportioné| to the time over interval 10 — 40
min. The slope of the line was used to calculate reaction rate (expressed in nmol

protoporphyrin IX produced/mi/h).
The inhibitors were dissolved in DMSO to a final solvent concentration of 2.5%.

ICso was determined by measuring PPOX activity at a range of inhibitor conceﬁtrations (0
- 100uM), at a singlé substrate concentration of 15pM.' A dbuble exponential curve of
inhibitor concentrations vs PPOX activity was fitted using thé computerised software
package (Enzfitter).

ICso is that inhibitor concentration which at any fixed saturating' substrate concentration
(8°) reduces the V; (uninhibited) to V/2.

Kinetic constants, K, K; and o and model discriminations were determined from
secondary replots of Ky/Vinax vs [I] and 1/Voa vs [I] where [l] represents the inhibitor
concentration. The derivation and form of these equations is detailed in Appendix 16.

The substrate was added at 8 different concentrations over a range of 0.5 — 25uM. Four
different inhibitor concentrations were added for each substrate concentrations within the
‘range of 0 ~ 10uM (final concentration). Both substrate and inhibitor concentrations were
selected from pilot experiments to provide sufficient representative points on substrate-
velocity plots to enable the accurate determination of the Miéhae!is-Menten conétant'(Km)
and the maximal velocity (Vmax) Using the computerised Gauss-Newton iterative non-linear
curve fitting procedure as described in the prévious chavpter. Data represent the mean of
at least three independent sets of data performed on different enzyme preparations.
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Results

IC,,s

Figure 6.1 is representative of a typical ICso plot, showing inhibition of wild type PPOX by
AF and MeAF. Both are good inhibitors of PPOX with an 1Cso of 4.20 1+ 0.39 and 0.18 +

0.01uM respectively. Further data is presented in tabular form.
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Figure 6.1: Determination of ICs values from curves of the percentage activity remaining of wild
type PPO vs [I] (A: AF, B: MeAF).

Table 6.1 summarises the ICsps for the inhibitors AF, MeAF, BR and BV (See Appendix 21
for actual data). It is apparent that the AF and MeAF are good inhibitors of wild type and
R59W mutant PPOX. However, Y348C and R168C mutants were less sensitive to
inhibition by both AF and MeAF compared to wild type and R59W.

Of the self-designed mutants, R59K and R59S were less sensitive to inhibition by AF
when compared to their counterpart R591.

Inhibition by BV was in contrast to the effects of AF and MeAF in that wild type PPOX was
relatively insensitive to inhibition by BV compared to R59W which was more sensitive by
approximately 50%, and Y348C and R168C even more so.

BR did not inhibit wild type PPOX or any clinical mutants except Y348C where the

inhibition was weak.



104 Chapter 6

Table 6.1:  1Cs, of the wild type and mutant PPOXs.
PPOX IC,, (uM)

AF MEAF BY BR‘

Wild type 4.20%0.39(n=5) 0.18%0.01 (n=4) 4100180 (n=4) No inhibition
Y348C 70.002430(n=6) | 5560+260(n=23) 3102035 (n=4) 3420%+3.80 (n=4)
R168C 1 46.00+4.40 (n~=4) 110+ 0.08 (n=4) 040+0.02{n=23) No inhibition
REOW 420%0.33(n=4) | 020%003 (n=4) | 21.00+096(n=4) | Noinhibition
R59K 333024 (n=3) | ND ND ND
R59S 267+019(n=3) | ND ND ND
R50I 0.90£0.01(n=3) | ND ND ND
G14A 570£022(n=3) | ND ND ND

>ND = not determined

Kinetic parameters (K, K_, and ) and mode of inhibition

Table 6.2 is an example of one of the independently determined sets of inhibition data for

wild type human PPOX in the presence of increasing concentration of inhibitor (AF). Note

the increasing K, and invariant V. in the presence of increasing inhibitor concentration,

indicative of competitive inhibition. An o value of infinity («) calculated from secondary

replots confirmed this mode of inhibition (Figure 6.2, inset).

Table 6.2:  The effect of AF on human wild type PPOX activity. The increasing K., and invariant Vo,

are indicative of competitive inhibition.

| [AF] (uM) Ko (M) Vmax (nmol/imifh) K,;‘.,I'\VImax WY max
0.00 0.62 £0.066 486 + 4,27 0.0013 0.0021
0.25 1.02+0.41 472+2.25 0.0022 0.0021
0.50 1.58+0.14 478+ 7.26 0.0022 0.0021
0.75 2041047 459+ 2.1 0.0044 0.0022
1.00 2.72%£0.38 467 13.6 0.0058 0.0021
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Figure 6.2:
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Secondary replot of Kn/Vmax v8 AF (Inset is 1/Vimax vs [AF]).

The determined kinetic constants are shown in Table 6.3 (See Appendix 21 for actual

data). The Ki values determined from the secondary replots correlated well to those

calculated from the experimental 1Cso data, confirming the internal consistency of the

model.
Table 6.3: Kinetic parameters (K, Ks and o) of wild type and mutant PPOXs for inhibitor AF.
| PPOX Calculated K (uM) Observed K; (uM) Observed K, (uM) o Mode of
inhibition
Wild type 0.23:0018(n=4) 0.20+ 0.0058 (n = 3} 051+0.012{n=3) ™ Competitive
Y348C 4.72+0.280 (n=16) ND ND ND ND
R168C 300£0260(n=4) 3.13+0530(n=23) 0.38+0.037 (n = 3) o Competitive
R59W 033+0025(n=4) ND ND ND - ND
R50K 018+ 0.013 (n=3) ND ND ND ND
R598 0.27+0.019 (n=3) ND ND ND ND
R591 10.11+£0002(n=23) ND ND ND ND
G14A 031+£0012(n=3) ND ND ND ND -

ND = not determined
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Discussion

This study illustrates that the DPEs are generally good inhibitors of human PPOX. This is
in keeping with earlier studies performed on human PPOX lymphoblast sonicates
(Corrigall et al., 1994). However, Y348C and R168C mutants were less sensitive to
inhibition by AF and MeAF compared to both wild type and R58W, which were equally
sensitive to inhibition by these DPEs. Yet, R59W clearly exhibited the greatest loss of
activity. If th‘e inhibitors were binding at the active site it would be expected that RS9W
would be the least sensitive to inhibition. The fact that the behaviour in the presence of
these inhibitors does not parallel the observed differences in activity parameters may
indicate that the inhibitor is binding near the active site rather than at the active site.

Interestingly, inhibition by BV was in contrast to the effects of AF and MeAF in that wild
type and R58W were poorly inhibited and Y348C and R168C were strongly inhibited. The
other haem degradation product, BR did not inhibit wild type PPOX or any other mutants
except Y348C where the inhibition was weak. Interestingly, the Y348C mutant was the
only one that was unable to be stabilised by inhibitor in thermal induced unfolding studies
(see Chapter 7). Differences in sensitivity to BV and BR have been ascribed to differences
in rigidity between the two structures, BR being more convoluted and rigid than BV.
Although BV has a double bond at the C(9)-C(10) methene bridge, rotation can still occur
at C(10)-C(11) which may present the dipyrrole moiety to the active site more favourably.
(Corrigall et al., 1998a).

Conclusion
e The DPEs are good inhibitors of wild type and R59W mutant PPOX.
e The behaviour in the presence of DPE inhibitors does not parallel the observed

differences in activity parameters, which suggests that the inhibitor is binding near the
active site rather than at the active site.

o A detailed kinetic analysis of wild type and R168C confirms that the mode of inhibition

by AF is competitive-

~e BVis a strong inhibitor of Y348C and R168C but not wild type and R59W. In contrast,
BR inhibits only the Y348C mutant.



























Physicochemical Characterisation of Human Wild Type and Mutant Protoporphyrinogen Oxidase 115

(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 Tm,

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 (Ty) 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 (Tm, AH, AS, and AG) 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).
























Physicochemical Characterisation of Human'Wild Type and Mutant Protoporphyrinogen Oxidase 123

PPOXs to their catalytic efficiency suggests that enzyme stability is not correlated to its
activity in a simple way. '

Thermal equilibrium studies

A mutation in a protein may stabilise or destabilise it. Either scenario may affect enzyme
function in that native proteins have relativély small and fast structural fluctuations. Such
fluctuations may play an essential role in protein function. These small rapid fluctuations
may act as “lubricants” to make possible large-scale motions important for substrate
binding and catalysis and/or allow ligand binding (Brooks et al., 1988; Bruccoleri et al.,
1986). For example, rapid fluctuations in haemoglobin facilitate the quaternary structural
transitions allowing effective oxygen binding, in this protein (Gelin et al., 1983; Perutz,
1989). In another example, in studies performed on myoglobin the oxygen was unable to
access its ligand-binding pocket when the protein was rendered rigid by mutations in the

oxygen channel (Case and Karplus, 1979; Elber and Karplus, 1920).

We determined the relative thermal (in)stability of PPOX mutants and compared them to
the stability of the wild type protein using equilibrium unfolding parameters. This was
reflected in Ty, and AG values. Negative AHs and positive conformational entropies (AS)
for wild type and mutants resulted in negative AGs. A comparison of mutant AGs to that in
the wild type showed an increased net stability of the native (folded) protein of all mutants
apart from R168C. The enthalpy of interaction (AH) and hydrophobic effect (-TAS) of wild
type was not affected on mutation indicating that the forces that fold wild type are similar
to those that fold the mutants. The reduced entropy values are indicative of hydrophobic
interactions as the dominating forces in PPOX folding. From AT, and AAG data, one can

conclude that the mutations stabilise the protein (except for R168C). At present there is no
detailed PPOX molecular structure that will help to explain the observed differences.

Effect of FAD/AF ligand binding on PPOX stability

AF is a strong inhibitor of PPOX (see Chapter 2 and 8), and may protect it from thermal
denaturation. AF was shown to increase the thermostability of yeast PPOX (increased Ty}
(Arnould et al., 1998). The same effect was observed on all PPOXs (except Y348C) in this
study, using AF. ’

When comparing the protein stabilisation between wild type and mutants in the presence
of AF, two fransitions for R168C were observed. There appeared to be a first transition at
a lower temperature between 20 and 36°C, followed by the transition between 50 and
60°C. The increased stability in the presence of AF is reflected in the high temperature

peak. However, the low temperature transition was most pronounced at a protein:AF ratio
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of 1:1. This observation suggests that a certain protein domain is preferentially
destabilised on interaction with AF. - ‘

The insensitivity of Y348C t:oy all concentrations of AF tested suggests that alternative
disulfide bridges which may be formed by this mUtant, makes the canonical AF binding
site inaccessible. This is in agreement with our ear}ier findings (Chapter 6, table 6.1).

As PPOX contains FAD as a cofactor the proper folding of the native enzyme probably
involves the correct assembly of the ;apoprotein WEth FAD. Previous work has shown that
additional FAD (10 — 50 uM) Vi‘né,reased the thermos’tabi!ity of PPOX marginally (Arnould et
al., 1998). In this study the effeci of FAD on the enzyme’s stability was investigated. No
significant increase in the méltihg témperaturef _of »‘vild' type and mutants was noted when
incubated in the presence of ihg:reaéing amounts of F}AD.

Secondary structure analysis of PPOX

High concentrations of PPOX restricted CD recordings in the region below 200nm due to
FAD absorbance. Thus for accurate recordings it was necessary to use a PPOX
concentration of 0.15mg/ml.

Our results indicated the predominance of a-helix in PPOX secondary structure. Previous
studies on yeast PPOX by Arnbuld et al, (1998), atsq showed an a-helix as the dominating
structure. In contrast, CD stqdies' performed on murine PPOX by Proulx and Dailey,
{1992) showed the B-sheet as a dominating structure. These secondary structural
differences are suggestive ofAth‘e possibility of polymorphic structured PPOX.

AF is a strong inhibitor of human PPOX and has a stabilising influence on thermal
denaturation except for Y348C. An attempt to study the effects of AF on the secondary
structure of the protein was unsucééssful eveh at low AF concentration {protein:AF ratio of
1:0.5). This was probably due to the high intense‘ ;ﬁoéitive ellipticity of the inhibitor and the
fact that AF is unable to be maintained in buffer so!@tion in the absence of DMSO.

Physicochemical analysis of R59 residue

One of the foci of this work is the role of the R59 residue on PPOX structure/activity.
- R59W had a reduced Ty. A conser\éative replacement (R59K) resulted in a similar Ty, to
that of the wild type whereas an aliphatic (R59I) éubstitution had a similar Ty to that of
REOW. -

A polar substitution (R598) increased T4 considerably indicating that alteration in polarity
at R59 is an important facfor in the active site environment. This supports ourv previous
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conclusion, based on kinetic data(Chapter.5), that R59'is-directly involved in catalysis and

not simply important for FAD binding.

Thermal equilibrium studies showed an increased T,, when mutating the R59. This
increased thermostability suggests that the overall structure of the protein is affected
when replacing this arginine. Seeing that R59 appears important at the active site as well,
it is therefore possible to speculate that flexibility and/or charge distribution at the active

site could be important for catalysis.

Secondary structure analysis of the R59 mutants reveals that the degree of a-helix
present does not correlate linearly with the Ty, nor the T,, values again supporting the
assumption that R59 is important for catalysis at the active site. If the effects were purely
structural it could be expected that the structure/function relationship would correlate

consistently.

AF stabilised all the R59 mutants. R59I appeared to be the most stabilised (Figure 7.10).
This suggests that the inhibitor is “most comfortable” in the vicinity of a non-polar side

chain, as compared to the native arginine.

Conclusions

= Comparison of the T, values obtained for the R59 mutants show that a positive
charge at codon 59 is required for the integrity of the active site structure.

= Y348C and R168C mutants had the lowest Ty, values suggesting that alternative
choices for non-native disulfide bridges exist.

=  The UV melting curve of all PPOXs studied (except for R168C and Y348C) showed
cooperative denaturation.

»  The melting curves showed a two-state transition making it reasonable to assume that
PPOX forms a multi-domain structure, and these domains unfold via a two state
process, independenitly. |

» There was no correlation between T, and T,,; values suggesting that enzyme stability
is not correlated to its activity in a simple way. .

= Except for R168C, all mutants studied were more stable to thermal denaturation
compared to wild type.

= AF increased the thermostability of all PPOXs (except Y348C). This suggests that
alternative disulfide bridges, which may be formed by the Y348C mutant, make the AF
binding site inaccessible.

s  The two melting transitions for R168C observed, in the presence of AF, suggests that

a certain protein domain is preferentially destabilised in this mutant.
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The secondary structure of PPOX showed a dominant a-helix. In the mutants there
was a decreased a-helical contént, compéﬁéated for by increased B-sheet and
random coil. | v

AF had a stabilising influence on thermalvdenaturation (except for Y348C).

A comparison of the phySicoChémicai parameters measured in the R59 mutants
support the conclusion that R59‘ is directly involved in catalysis and not simply
important for FAD binding. Flexibility and/or chafge distribution at the active site could
be important for cata!ysis. |
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OVERVIEW, IMPLICATIONS AND FUTURE DIRECTIONS

Overview and Implications

In this study, both naturally occurring (“clinical”) PPOX mutants relevant to South Africa,
and self-designed mutants (non-“clinical” mutants) were engineered, expressed and
purified. Their characterisation involved comparisons of their kinetic behaviour, including
inhibition and cofactor profiles, and physicochemical properties.

We successfully expressed and purified all PPOXs to homogeneity by a single step
purification procedure based on metal affinity chromatography. Clearly, this method
shouid now be considered as the method of choice when detailed kinetic or physical
studies of native enzyme are required. Compared to some previously described methods,
which involve multiple chromatography steps, the purification is rapid, yields generally
good and can be performed under native conditions.

All the mutations under investigation in this study resulted in reduced PPOX activity to
varying degrees. However, the activity data did not correlate with the ability/inability of
various mutants to bind FAD. Indeed, R58W had negligible activity, extremely poor FAD
binding, R59K (positive charge replacement) had activity and bound FAD, whereas R59S
and R59I both had dramatically reduced activity, yet could bind FAD. These comparisons
strongly suggest that the positive charge at R59 is directly involved in catalysis and not for
FAD binding. The fact that R59W does not bind FAD is more likely a result of its aromatic
bulky nature. A consideration of the K,,s for the R59 mutants allow us to further speculate
that the involvement by the R59 in catalysis is more likely a substrate binding problem
than a mechanistic one.

The Ty, studies in the R59 mutants lend weight to the argument that R59 is directly
involved in catalysis, required for the integrity of the active site structure, and not simply
important for FAD binding. As Ty reflects changes in the environment of the active site,
we observed significant differences in the T, values amongst the R59 mutants. If R59
was only involved in FAD binding then it could be expected that all their T8 would be
similarly affected.

The secondary structure of PPOX showed a dominant a-helix. In the mutants there was a
decreased a-helical content, compensated for by increased B-sheet and random coil. Yet
the degree of a-helix present does not correlate linearly with the Ty, or the T, values,
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again supporting the assumption that R591is¢impqr1\ant for catalysis at the active site. If the
effects were purely structural it could be expectéd that the structure/function relationship

- would correlate consistently.

An examination of the relative importance of the glycine in positions 9, 11 and 14 of the
conserved dinucleotide binding motif showed that substitution by alanine in codon 14 is far
less diSruptiVé than substitutions in codons 9 and 11. It would therefore be anticipated that
mutations occurring in PPOX positions 9 and 11 in nature could be classified as “severe”
and almost certainly lead to diseése. Indeed, a VP family with a G118 -PPOX mutation has
been reported (Frank et al., 2001a).

Both R168C and Y348C exhibited residual activity an order of magnitude greater than
other mutations, which is in keeping with the concept of “lesser” and “severe” PPOX
mutations. Both these two mutations are only associated with clinical VP in a compound

heterozygous state.

The cysteine mutants had the lowest Ty, values suggesting that alternative choices for
non-native disulfide bridges exist in these cases. Furthermore, the fact that Y348C did not
“show increased thermostability in the presence of AF, suggests that these alternative
disulfide bridges which may be formed, make the AF binding site inaccessible in this

rmutant.

uv mélting. curves generally showed a two-state transition making it reasonable to
'éssume‘that PPOX forms a multi-domain structure, and these domains unfold via a two
state process, inde'péndently. Generally all mutants studied were more stable to thermal
denaturation compared to wild type, except for R168C. In this mutant, two melting
transitions were observed in the presence of AF suggestlng that a certain protem domain
is preferent;aﬂy destabilised in this mutant.

One of the well-known features of PPOX is its inhibition by DPEs. In these comparative
studies, using AF as a representative DPE inhibitor, it appeared that the PPOX-inhibitor
parameters measured did not pérallel the observed kinetic activity parameters. This adds
to our knowledge of PPOX inhibition by the DPES as it suggests that the inhibitor is
binding near, rather than at, the active site.

Future work

While this study does not identify the PPOX active site, it does illustrate the use of
studying expressed, purified mutant PPOXs ih attempting to elucidate the importance of
specific amino acid residues in relation to factors effecting PPOX structure-function per
se, and/or in the study of VP. Clearly there are many more designed mutants that could
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yield further insight. For example, if an R59Y mutant also demonstrated compromised
FAD binding, this could be taken 2578n
binding at this site. An R59H mutant may be highly informative as its ability to switch from

nfifmation that ‘B'ﬁf@'}aromatic residues impair FAD

being an acid to a base at different pHs could yield information on the influence of a
positive charge on catalysis. Other conserved amino acids such as L15, E34, G41, G57
would be good candidates for mutational characterisation studies as theif conservation
could be signifying residues important for substrate binding or conversion, crucial
structural components, or cofactor interaction. Once the crystal structure for PPOX
becomes available it should be possible to predict active. site and cofactor binding
domains and facilitate design of highly appropriate mutants for investigating detailed
enzyme mechanism, channelling and steric properties. Therefore, it would be extremely
worthwhile to crystallise and resolve a PPOX structure to an appropriate resolution.

Translocation of PPOX to the mitochondria remains somewhat enigmatic. Thus, studies
aimed at identifying and characterising a definitive/putative targeting sequence are
important as defects in the targeting sequence may have different disease consequences
to those seen in structural/activity defects. These studies could take the form of
fluorescent labelling studies based on green fluorescent protein (GFP)-PPOX, or GFP-

mutant PPOX constructs.

As in all partially penetrant genetic diseases, questions arise concerning the phenotype-
genotype relationship and specifically, what factors may be involved. Thus, the continued
clinical and biochemical profiling of porphyric patients, in association with careful PPOX
mutant protein characterisation could be meaningful in identifying potential susceptibility
factors. In addition, the phenotypic effects of specific mutations could be tested in knock-in
mouse models, which may yield further information in this regard. Such mouse models are
perfectly feasible and recently one such model (R59W) has been engineered (Medlock et

al., 2002) and is currently under investigation in our laboratories.
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~ APPENDIX1

TRANSFORMATION OF E.COLI JM109 CELLS WITH HUMAN
PPOX RECOMBINANT PLASMID

Materials

Equipment
e Heating block (Techne dri-block DB-2D, Laboratory and Scientific Equipment Co.
Cape Town, SA)

e Sterile 50ml graduated (polypropylene) centrifuge tubes (Greiner Labdr’technik,

Frickenhausen, Germany)
¢ Centrifuge (Centrikon T-324, Kontron Instruments, A.G. Zurich, Switzerland)

¢ |ce bath

Reagents

o Recombinant plasmid vector (pTrcHis)

e Calcium Chioride solution, pH 8.0
0.05M CacCl,
0.01M Tris/HCI
Sterilise by autoclaving

¢ LB agar plates with ampicillin
2g Tryptone
1g Yeast extract
1g NaCl
3g Agar Noble (Difco Laboratories, Detroit, Michigan, USA)

Make up to 200ml with deionised water and autoclave. Cool the media to 40°C, add
100ug/mi (final concentration) of ampicillin and immediately pour into sterile petri plates

under sterile hood before agar solidifies.
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Procedure

Transfer 1ml of 10ml overnight culture of E. qui JM109 cells into 100mi of sterile LB
broth in a 500ml flask. ‘

Allow culture to grow (with shaking, 225rpm) at 37°C until an ODggonm Of 0.5 — 0.7 is

achieved.

Decant the culture into pre-chilled sterile 50ml capped tubes and chill on ice for

10min.
Centrifuge the cell suspension at 4000 g for 5min at 4°C.

Resuspend pellet in half of the original culture volume in ice-cold sterile CaCl, solution
and place in ice bath for 15min. A

Centrifuge at 4000 g for 5min at 4°C.

Resuspend cells in 1/15 of the original volume of culture media in ice-cold sterile

CaCl, solution and dispense 200ul aliquots into pre-chilled sterile Eppendorf tubes.
Store at 4°C for 12—24h to increase competence.

Add recombinant plasmid DNA (approximately 40ng in a maximum of 100ul TE buffer)

to an aliquot of the cell suspension, mix and store on ice for 30min.
Heat at 42°C for 2min.

Add 1ml of sterile LB broth and incubate at 37°C for 1h without shaking. This allows

the bacteria to recover and begin expressing antibiotic resistance.

Use a sterile glass spreader to spread 100, 200, and 500p! of transformed cell

suspension over LB plates, containing ampicillih (100ug/mi).

Allow the medium to absorb the cell suspension then incubate the plates at 37°C for

12-16h until colonies appear. Re-plate apparent single colonies onto fresh plates.

Once single colonies have appeared, inoculate 100mi of LB broth containing ampicillin

(100ug/ml) with a single colony.

After overnight growth, transfer 700ul aliquots of the culture into 2mi cryotubes

containing 300ul sterile glycerol. Mix and store at -70°C as stocks.
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" APPENDIX 2

EXPRESSION OF WILD TYPE PPOX

Materials

Equipment
e  Orbital shaker incubator (Yih der LM-510, Taiwan)

e Centrifuge (Centrikon T-324, Kontron Instruments, A.G. Zurich, Switzerland)

e Autoclave Huxley, Speedy (Laboratory and Scientific, Pty, Lid, Cape Town, SA)

Reagents
e Luria-Broth (LB)
5g NaCl
5g Yeast
10g Tryptone
Make up to 1 L with deionised water and autoclave (121°C for 30min). Cool to room

temperature (~ 40°C) before adding 100ug/mi ampicillin.

Procedure
e Innoculate 500ul of JIM109 cells (of a 30% glycerol stock) containing wild type PPOX

into 1 L Luria broth containing 100ug/mi ampicillin (final concentration).
e Incubate for 18h at 30°C on a rotary shaker (225rpm).

e Harvest by centrifugation (3000 g) for 30min at 4°C and perform plasmid miniprep
(see Appendix 3).
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APPENDIX 3

DNA PURIFICATION

Materials

Equipment

Labnet force 14 microcentrifuge (Denver Instruments, Laboratory and Scientific Pty,
Ltd, Cape Town)

1.5ml microcentrifuge tubes (Quality Scientific plastics, Porex Bio Product Group,
Whitehead Scientific, Brackenfell, SA)

GeneQuant Spectrophotometer (Pharmacia Biotech. Cambridge, UK)

Reagents

Wizard® Plus SV Minipreps DNA purification system (Promega Corporation, Madison,
WI, USA)

Procedure

Plasmid miniprep

Pellet 5ml of bacterial culture by centrifugation for S5min at 10000g in a table top

microcentrifuge and discard supernatant.

Add 250ul of Wizard® Plus SV Minipreps cell lysis solution and mix by inverting the

tube eight times.
Allow to stand for 3.5min.

Add 350ul of Wizard® Plus SV Minipreps neutralisation solution and mix by inverting

the tube eight times.
Centrifuge lysate at 14000g in microcentrifuge for 10min at room temperature.

Decant clear lysate into Wizard® Plus SV Minipreps spin column inserted into a 2ml

collection tube.

Centrifuge the cleared lysate at 14000g in a microcentrifuge for 2min.
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e Remove Wizard® Plus SV Minipreps spin columns from the tubes and discard the flow
through.

» Return column to the collecting tube and add 750! of Wizard® Plus SV Minipreps

column wash solution.
o Centrifuge at 14000g for 1min.

o Remove the Wizard® Plus SV Minipreps spin column from the tubes and discard flow
through.

e Add 250ul of Wizard® Plus SV Minipreps spin column wash solution to the Wizard®
Plus SV Minipreps spin column.

¢ Centrifuge at 14000g for 2min.
e Transfer spin column to a clean sterile 1.5ml microcentrifuge tube.
e Elute plasmid DNA by adding 100yl of nucteése free water to the spin column.

e Centrifuge at 14000g for 1min and quantify DNA on a GeneQuant spectrophotometer.
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APPENDIX 5

SITE-DIRECTED MUTAGENESIS

Materials

e In vitro site-directed mutagenesis system (GeneEditor™ kit,‘Promega Corporation,
Madison, WI, USA)

e Phosphorylated mutagenic oligonucleotides (Integrated DNA Technologies, Inc.
Coralville, IA, USA)

Table 5.1 Designed Oligonucleotides used in site-directed mutagenesis. in each case the mutated DNA bp(s)
isfare 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.

PPOX Mutation oligonucleotides (5" — 37 Direction of Annealing

oligonucleotide temperatur
e
{°C)
S Y H L 8§ R
Wild type CG GCT CAG GTG GTAACT GGC
s Y P L 8§ R
H20P 5" Phos-CG GCT CAG GGG GTA ACT GGC Reverse 53
| v Y D s
Wild type GAATCGTGTAT GACTCA G
I v € D 8§
Y348C 5' Phos-GA ATC GTG TGT GACTCA G Forward 50
E L G P R G i R P
Wild type T GAG CTT GGA CCT CGG GGAATTAGG CCAG
L G P W G |
R59wW 5' Phos-CTT GGA CCT TGG GGA ATT AG Forward 57
E L 6 P K G I R P
R59K 5" Phos-T GAG CTT GGA CCT AAG GGAATTAGG CCAG Forward 51
E L G P 8§ G | R P
R595 5" Phos-T GAG CTT GGA CCT AGT GGAATTAGG CCAG Forward 51
E L G P I G | R P
R591 5' Phos-T GAG CTT GGA CCT ATT GGAATTAGG CCAG Forward 51
vV V L G 6 Gu | 8 Ge L A A
Wild type GTC GTG CTG GGC GGA GGC ATC AGC GGC TTG GCC GCC AG
vV V L A G G |
G9A 5 Phos-GTC GTG CTG GCC GGA GGC ATC Forward 57
G G A §
G11A 5' Phos-TG GGC GGA GCC ATC AGC GG Forward 57
G | S A L A A
Gl4Aa 5' Phos-GA GGC ATC AGC GCC TTG GCC GCC Forward 59

AG
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5.1 Determination of optimal annealing-temperature

Materials -

Equipment

e Sterile microcentrifuge tubés (Quality Scientific plastics, Porex Bio Product Group,
Whitehead Scientific, Brackenfell, SA)

e Robocycler gradient thermal cycler, Teddington, UK.

Reagents

e  Wild type DNA
» Mutagenic oligonucleotide
» Appropriate oligonucleotide of the relevant cDNA fragment

e Reagents for PCR (see Appendix 6.1)

Procedure

e Determine appropriate annealing temperature by performing the polymerase chain
reaction (PCR) on the relevant cDNA fragment that includes the bps requiring
mutagenesis using DNA extracted from wild type PPOX (see Appendices 3 and 6.1).

e Where a forward mutagenic oligonucleotide is utilised, use the reverse oligonucleotide
of the relevant cDNA fragment.

o The reverse should apply for a reverse mutagenic oligonucleotide.

5.2 DNA template preparation

Materials

Equipment _
o Labnet force 14 microcentrifuge (Denver Instruments, Laboratory and Scientific Py,
Ltd, Cape Town) ‘

e GeneQuant Spectrophotometer (Pharmacia Biotech. Cambridge, UK)
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Reagents

Wild type HPPOX DNA (extracted as described in Appendix 3)

Primers (Integrated DNA Technologies Inc. Coralville 1A, USA) were designed with
Primer Designer for Windows software package (Soft Packaging version 2, Scientific
and Education Software).

Freshly prepared 2M ammonium acetate, pH 4.6
Freshly prepared 2M NaOH, 2mM EDTA
100% Ethanol

Sterile water

Procedure

Alkaline denaturation (dsDNA)

Prepare the following alkaline denaturation reaction:

dsDNA template 0.5pmol
2M NaOH, 2mM EDTA 2ul
Sterile deionised water to final volume of 20ul

Incubate at room temperature for Smin.

Add 2ul of 2M ammonium acetate (pH 4.6) and 75ul of 100% ethanol.
Incubate for 30min at -70°C.

Microcentrifuge at 14000g for 15min at 4°C.

Drain and wash the pellet with 200ul of 70% ethanol.

Centrifuge at 14000g for 1min, pour off supernatant, and allow inverted tube to drain

for 30min.

Resuspend the pellet in 50ul sterile water and leave for Smin.

Quantify by measuring the optical density on a GeneQuant épectrophotometer.
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5.3 Hybridisation reaction

Materials

Equipment
e Hybaid Omnigene thermal cycler, Teddingtcn, UK.

Reagents

» Template DNA (dsDNA)

e Selection oligonucleotide

e Mutagenic oligonucleotide

» Annealing 10 x buffer
200mM Tris/HCI (pH 7.5) -
100mM MgCl,
500mM NaCl

e Sterile deionised water

Procedure

Mutagenesis reaction
Template DNA (dsDNA) (alkaline denatured) 10ul (0.05pmol)
Appropriate phosphorylated selection oligonucleotide 1 },il {0.25pmol)

Phosphorylated mutagenic oligonucleotide 2ul (1 .25pmol)
Annealing 10 X buffer ' 2ul
Sterile deionised water (to final volume) 20ul

o Heat the reaction for 5min at appropriate hybndxsat on temperature (see table 5.1) and
allow 1.5°C per min stepwise coohng to 37°C.
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5.4 Mutant strand synthesis and ligation -

Materials

Equipment

e Techni dry block BD-2D (Laboratory & Scientific, Cape Town, SA).

o Labnet force 14 microcentrifuge (Denver Instruments, Laboratory & Scientific, Cape
Town, SA).

Reagents

¢ T4 DNA polymerase

e T4 DNA ligase

¢ Synthesis 10 X buffer
100mM Tris/HCI (pH 7.5)
5mM dNTPs
10mM ATP
20mM DTT

s Sterile deionised water

Procedure
e After the annealing reaction has cooled to 37°C, spin briefly in microcentrifuge to

collect contents at the bottom of the tube and add the following:

Sterile deionised water 5.0u .
Synthesis 10 X buffer 3.0ul
T4 DNA polymerase 1.0ud
T4 DNA ligase 1.0ul
Final volume 30ul

¢ Incubate the reaction for 90min at 37°C to perform mutant strand synthesis and

ligation.
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5.5 Transformation of BMH 71-18 mutS competent cells

Materials

Equipment _

e  Orbital shaker incubator (Yih der LM-510, Taiwan). _

o Sterile 17 x 100mnﬁ po!ypropy'lene tubes (Laéoratow and Scientific Equipment
Company Pty, Ltd, Cape Town, SA) ‘

» Heating block (Techne dri-block DB-2D, Laboratory and Scientific Equipment)

e Water bath (37°C) Memmert, Laboratory and Scieﬁtiﬁc, Cape Town, SA

Reagents

e BMH 71-18 mutS competent cells.
o LB (Luria-Bertani) medium

10g Tryptone

5g Yeast extract

5g NaCl, in 1L deionised water

Procedure

e  Pre-chill sterile 17 x 100mm propylene culture tubes on ice (one for each annealing
reaction). v

* Remove frozen competent cells from -70°C and place on ice for 5min or until just

thawed.

e Mix cells gently by flicking the tube and then transfer 100u! of the thawed BMH 71-18

mutS cells to each of the pre-chilled culture tubes.

o Add 1.5ul (= 5 — 10ng) of each mutagenesis reaction to 100ul of BMH 71-18 muts

competent cells.

e Move the pipette tip through the cells while dispensing and quickly flick the tube
several times.

o [mmediately place tubes on ice for 10min.
e Heat-shock the cells for 50s in a water bath at exactly 42°C without shaking.
* Immediately place tubes on ice for 2min.

e Add 900ul of room temperature LB broth (without antibiotic) to each transformation

reaction and incubate for 60min at 37°C with shaking (225rpm).
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Prepare an overnight culture by adding 4ml-of LB containing 50ul of the GeneEditor™
Antibiotic Selection Mix to each of transformation réaction.

incubate for 18h at 37°C with shaking (225rpm).

Check overnight growth by measuring absorption at 600nm. Absorption at 600nm

must be >0.200, if not, allow growth to continue.

Purify plasmid DNA (Appendix 3) from the overnight culture of MutS and quantify on a
GeneQuant spectrophotometer.

5.6 Transformation into JM109

Materials

Equipment

Sterile 17 x 100mm polypropylene culture tubes

Orbital shaker incubator (Yih der LM-510, Taiwan)

Autoclave (Laboratory and Scientific, Pty, Lid, Cape Town, SA)

Water bath (37°C) (Memmert, Laboratory and Scientific, Cape Town, SA)

Reagents

JM108 cells
Sterile glycerol
LB medium

LB agar plates + ampicillin

Add 15g agar to 1 litre of LB medium to pH 7.0 and autoclave. Allow medium to cool fo

55°C and add ampicillin to final concentration of 125ug/ml. Pour 20-25ml of medium into

85mm petri dishes and flame the surface of the medium with a Bunsen burner to eliminate

bubbles (if present). Allow to set and store at 4°C for up to one month.

*

SOC medium, pH 7.0

2.0g Tryptone

0.5g Yeast extract

1m! 1M NaCl

0.25ml 1M KCI ,

1mi 2M Mg stock (1M MgCl,.6H,0, 1M MgSQ,.7H20) (filter sterilised).
1ml 2M glucose (filter sterilised)
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Add tryptone, yeast extract, NaCl, KCI, to 97ml deionised water. Stir to dissolve, autoclave
and cool to room temperature. Add 2M Mg®* stock and 2M glucose stock, each to final

concentration of 20mM. Filter medium through a 0.2um filter unit.

Procedure

e Prepare plates by evenly spreading 100ul of the GeneEditor Antibiotic Selection Mix
onto 20-25ml LB agar plates containing 125pg/mi ampicillin.

e Allow GeneEditor™Antibiotic Selection Mix to soak into the plate for at least 20min but
no longer than 2 h before spreading the transformed cells.

e  Chill sterile 17 x 100mm polypropylene culture tubes on ice.

¢ Remove frozen JM109 from -70°C storage and place on ice for 5min, or until just

thawed.

o Mix the cells gently by flicking the tube and transfer 100ul of the thawed JM109 cells

to each of the pre-chilled tubes.

o Perform two transformations by adding 2.5ng or 5ng of plasmid DNA ex mutS cells
(Appendix 3) to each of 100ul of JM109 cells. '

e Move pipette tip through the cells while dispensing and quickly flick the tube several

times.

» Immediately place the tube on ice for 30min.

o Heat-shock cells for 50s in a water bath at exactly 42°C without shaking.

e Add 900ul of room temperature SOC medium to each transformation reaction and
incubate for 1h at 37°C with shaking (225rpm).

e For each transformation reaction plate, plate 75ul and 100ul of cells and incubate at
37°C for 12 - 14h, |

e |Innoculate 6 single colonies from plates into 10 ml LB medium containing 100pg/mi
ampicillin in 50ml screw capped tube (screw capped tube is loosely fitted to allow
aeration).

e  Grow culture overnight with shaking (225rpm) at 37°C.

» Prepare glycerol stock solution (0.3ml glycerol and 0.7ml culture) for each culture and
store at -70°C.

e From the remaining culture (approximately 6ml), perform DNA purification/plasmid
miniprep (Wizard® Plus SV Minipreps DNA purification system) and quantify DNA.
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APPENDIX6

MUTATIONAL ANALYSIS

Materials

Reagents

o Primers (Integrated DNA Technologies Inc. Coralville IA, USA) were designed with
Primer Designer for Windows software package (Soft Packaging version 2, Scientific
and Education Software).

Table 6.1

Oligonucleotides used for PCR of cDNA fragments

Fragments

Fragment size (bp)

Oligonucieotides (5'-3")

1

533

411

380

432

PFy
PR,

PF,
PR2

PFs
PR3

PFq4

PR4

CATCATGGTATGGCTAGTCC
AGACTGTCCATGGCTAGAGA

CTGCATGCCCTACCCACTG
TTCAAGGCCTGAGGCAACA

ACTTCGTGGAGGTCTAGAGA

CCGTCCTGCTCAGGGAAAGCAAC ‘

GTGCCATCTTCAGAAGATCC
TCAGCTGTTAGGTTCTGTGC

PF = Forward oligonucleotides

PR = Reverse oligonucleotides

Procedure

e Amplify the relevant HPPOX cDNA fragment that includes the mutated base pair(s)

using fragment specific primers.
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6.1 Polymerase chain reaction (PCR) of cDNA fragments

Materials

Equipment
« Sterile microcentrifuge tubes (Quality Scientific plastics, Porex Bio Product Group,
Whitehead Scientific, Brackenfell, SA)

o Sterile filter tips (Quality Scientific plastics, Porex Bio Product Group, Whitehead
Scientific, Brackenfell, SA)

e Robocycler gradient (temperature cycler), Stratagene, Cambridge, UK.
o Hybaid Omnigene thermal cycler, Teddington, UK.

e Force 14 microcentrifuge (Denver Instruments, Laboratory & Scientific, Cape Town,
SA) '

Reagents
s« Deoxynucleotide Triphosphates (dNTP’s), Promega Corporation, Southampton, UK.
o dNTP stock solution

+ Take 100mM equal volumes of dATP, dCTP, dGTP and dTTP. Dilute and combine fo
make stock solution containing 2.5mM of each dNTP.

o 25uM forward and reverse oiig-onucleotides

e Taq DNA polymerase (5 units/ul) (Promega Corporation, Southampton, UK)
e Thermophilic DNA polymerase 10 x buffer, magnesium free

¢  25mM magnesium chloride solution

¢ Mineral oil

Procedure

o Prepare the following reaction mixture in a sterile 1.5ml microcentrifuge tube on ice,
using sterile filter tips.
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Table6.2 = Préparation of PCR réaction
Reaction mixture Volume {ul) Final concentration
Thermophilic poly 10 x buffer 5 1x
25mM MgCla solution 5 1x
2.5mM dNTP stock 2 100uM
| Forward oligonucleotide 1 1uM
| Reverse oligonucleotide 1 TuM
Taq DNA polymerase 0.2 Junit
Sterile water | 30.8

Scale up these volumes to make sufficient mixture to allow for 45ul for each PCR
required, in addition to sufficient volume for a blank (i.e. no DNA).

Aliquot 45ul of the mixture into a 0.6ml microcentrifuge tube on ice.

Add 5pl of DNA (+ 250ng) (5ul of water to the blank).

Vortex tube and centrifuge briefly.

Overlay with drop of mineral oil.

Place in themwocyclér and start PCR reaction.

When optimal annealing temperature needs to be determined, perform gradient PCR
on the robocycler using one or more of the below gradients: ” '

37 - 44°C, 42 - 56°C, 51 - 65°C.

Use the following temperature profiles for the four PPOX fragments.

Fragments 1 and 4

Temperature (°C) Time {min) No. of cycies
Initial denaturation 95 1 1
Denaturation | 9%
Annealing 53 0.5 45
Extension 72
Final extension 72 7 | 1
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Fragment 2 S
Temperature (°C) Time {min) No. of cycles
Initial denaturation g5 1. 1
Denaturation 895
Annealing 56 0.5 35
Extension 72
Final extension 72 7 1
Fragment 3
Temperature (°C) Time (min) N07 of cycles
Initial denaturation 95 1 1
Denaturation 94 1
Annealing 65 0.5 42
Extension 72 1
72 1 1

Final extension

Appendix 9).

Analyse PCR products by 6% polyacrylamide gel electrophoresis (see Appendix 7.2).

When required for sequencing, run PCR product on MS8 agarose (see Appendix 8)

and extract by the Qiaex Il agarose gel extraction protocol described below (see
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"APPENDIX 7
RESTRICTION ANALYSIS
7.1 Digestion of DNA fragment
Materials
Equipment

Techni dry block BD-2D (Laboratory & Scientific, Cape Town, SA).
Force 14 microcentrifuge (Denver Instruments, Laboratory & Scientific, Cape Town,
SA).

Reagents

Ava | (Promega Corporation, Madison, USA) is used for identification of R59W, R59K,
R59S, and R591 mutations in fragment 1 and recognises the following sequence:

5' CU(T/IC)CG(A/G) G 3

3'G (A/G)GC(T/IC)YTC 5

Mae Il (Roche Diagnostics Pty Ltd, Randburg, SA) is used for identification of Y348C
mutant in fragment 3 (390 bp) and recognises the following sequence:

5'{GTNAC 3'

3' CANTG 1%

Xcm | (New England Biolabs, Laboratory Specialist Services, Cape Town, SA) is used
for identification of G11A mutant in fragment 1 (533 bp) and recognises the following
sequence: ‘

5' CCANNNNNINNNNTGG 3' N = Purine or Pyrimidine

3' GGTNNNNTNNNNNACC 5'

Msp A1 | (Promega Corporation, Southamptown, UK) is used for identification of G14A
mutant in fragment 1 (533 bp) and recognises the following sequence:

5' C(A/C)G{C(GIT)G 3'
3 G(T/G)CTG(C/A)C 5
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Procedure

e Scale up the volumes for single digestion to allow for the number of digests required.

e Analyse digestion products on 6% polyacrylamide gel electrophoresis (see Appendix
7.2).

Avai

Wild type has 2 cutting sites

Digestion products = 237 + 209 + 87 bp

R59W, R59K, R59S, and R591 mutations abolish 1 cutting site.
Digestion products = 446 + 87 bp.

o Prepare digestion as follows:

10 x buffer B 2.0ul
10 mg/ml Bovine serum albumin (BSA) 0.2ul
Deionised water 7.3ul
10 units/ul of Ava | 0.5ul
Total 10ul

¢ Mix and centrifuge briefly ln microcentrifuge.

e To 10ul of the above mixture add 10ul of PCR products (1 — 1.5pg).

e Mix, layer mineral oil on top of the mixture and centrifuge briefly in microcentrifuge.
¢ Incubate at 37°C for 3h.

Mae Hli

Wild type has no cutting site.

Fragment remains 390 bp.

Y348C mutant creates one cutting site
Digestion products = 359 + 31bp |

Prepare digestion as follows:

2 % incubation buffer 10ul

Deionised water 1.75ul
2 units/ul of Mae Il 0.75ul
Total 12.5ul

Add 75ul of the above mixture to 7.5l of the PCR product (+1pg).

Mix, layer mineral oil on top of the mixture and centrifuge briefly in microcentrifuge.
Incubate at 55°C for 3h.
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Xem |

Wild type has 1 cutting site.

Digestion products = 493 + 40 bp

G11A mutation creates an additional cutting site
Digestion products = 75 + 418 + 40 bp

s Prepare digestion as follows:

NE Buffer 2 2ul
Deionised water 7.7ul
10 units/pl of Xem | 0.3ul
Total 10ul

o Mix and centrifuge in microcentrifuge.

= Incubate at 37°C for 3h.

Msp A1l

Wild type has 3 cutting sites.

Digestion products = 74 + 152+ 87 + 220 bp
G14A mutation abolishes 1 cutting site
Digestion products = 226 + 87 + 220 bp

o Prepare digestion as follows:

Buffer C 10 x 2ul
BSA 10mg/mi 0.2ul
Deionised water 7.5ul
10 units/pl of Msp A1 0.3ul
Total W

» Mix and centrifuge briefly in microcentrifuge. In a 0.6ml of microcentrifuge tube, add
10ul of the mixture and 10ul of PCR product (z1ug).

o  Mix, layer mineral oil on top of mixture and centrifuge briefly in microcentrifuge.

e [ncubate at 37°C for 3h.
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6% non-denaturing polyacrylamide gel electrophoresis

Materials

Equipment
e SE600 vertical slab gel electrophoresis unit, (Hoefer Scientific Instruments Pharmacia
Biotech, Cambridge, UK)

o PS81200 DC power supply, (Hoefer Scientific Instruments Pharmacia Biotech,
Cambridge, UK)

e Uvitec gel documentation system, (Uvitec, Cambridge, UK).

Reagents

» 1L of 10 x TBE (Tris/Borate/EDTA)
890mM Tris base '
890mM boric acid
20mM EDTA, pH 8.0

e Ethidium Bromide (prepare stock solution of 1mg/m! and store in the dark. Add 200yl

of stock to 200mi water for use)

e  Sucrose sample solution
30g sucrose
10mg bromophenol blue
5mi 0.5M NaEDTA
make up to 50ml with water

e 100bp DNA ladder (Promega Corporation, Southampton, UK)

Procedure
o To 100mi beaker add the following:
5ml 10 x TBE
10ml A-Bis-A solution (30% acrylamide, 0.8% bisacrylamide)
500ul of 10% ammonium persulphate
50ul TEMED

Make up to 50ml with deionised water.



Restriction analysis 185

Pour this solution into the space between the clamped two glass gel plates (1.5mm
spacers) mounted in the gel casting stand.

Insert 20 sample spacer comb and allow to set.

Aséemble upper buffer chamber on top of gel plate and fill with 500ml of 1 x TBE
buffer.

Fill lower buffer chamber with 2L of 1 x TBE.

Dilute PCR products with sucrose sample solution (1:1) and load into sample bays

using Hamilton syringe.

Load 10ul of DNA markers (diluted 1:1 with sucrose sample solution) into a bay

(100bp DNA ladder).
Run at 150V for + 2h.

Stain gel in ethidium bromide for 10min, rinse in deionised water and then visualise
under UV light.

Photograph using gel documentation system.
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APPENDIX 8

AGAROSE GEL ELECTROPHORESIS

Materials

Equipment

Horizontal mini-gel system (Mgu-202T), (CBS Scientific Company Inc., Del Mar,
USA).

HIS PS1500DC power supply (Hoefer/Pharmacia Biotech, Cambridge, UK).

Electronic UV Transilluminator (Ultralum, Whitehead Scientific, Brackenfell, Cape

Town)

Water bath (37°C) (Memmert, Laboratory and Scientific, Cape Town, SA)

Reagents

MS-8 Agarose (Whitehead Scientific, Brackenfell, SA)
Ethidium Bromide (Roche Diagnostics, Pty Ltd, Randburg, SA)

Bromophenol blue (Associated Chemical Enterprises, South dale, SA)
0.025g bromophenol blue

3mi sterile glycerol

Make up to 10mi with sterile water

Procedure

Insert gel tray between tapered baffles.

Add 50ml 1 x TBE to 0.75g agarose in 100ml glass flask. Fill the neck of glass with
paper towel and heat in microwave for 1-2min.

Once aga)rose has dissolved completely, mix well and add 20ul ethidium bromide.
Mix and pour into gel tray before inserting comb.
Allow to set for 1h.

Remove comb and tapered baffles.
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e Fill both reservoirs of gel tank with 250ml| 1 x TBE so that the surface of the gel is

covered by approximately 3mm.
¢ Prepare PCR products by diluting with sucrose sample solution 1: 0.5.
¢ Load into bays and run for 90min at 100 volts.
e Visualise the gel under UV light. |

° Exmse DNA band from the gel usmg sterile scalpel blade (mlnlmlse exposure of DNA
to UV hght to prevent DNA shearing).

e Minimise size of the gel slice by removing excess of agarose.
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'APPENDIX 9

QIAEX Il AGAROSE GEL EXTRACTION PROTOCOL

Materials

Equipment
e Force 14 microfuge (Denver Instruments, Laboratory and Scientific, Cape Town, SA)

s Microcentrifuge tubes (1.5ml) (Quality Scientific plastics, Porex Bio Product Group,
Whitehead Scientific, Brackenfell, SA)

Reagents

e Qiaex Il Gel extraction kit (Qiagen Ltd, Crawley, West Sussex, UK)

Procedure

e Place excised gel slice in 1.5ml microcentrifuge tube.

o Add 3 volumes of buffer QX1 to 1 volume of gel.

e Resuspend the Qiaex Il silica particles by vortexing for 30 s.

e Add 10ul Qiaex Il suspension to tube.

e Incubate in\water bath at 50°C for 30min with vortexing every 2min to keep Qiaex in
suspension.

e Centrifuge for 1min in microcentrifuge (14000g) and remove supernatant.

o  Wash pellet with 500ul of buffer QX1. Vortex to resuspend pellet.

e Microcentrifuge for 1min at 14000 g.

e Wash pellet twice with 500ul of PE buffer (vortex the suspended pellet and centrifuge
for 1min at 14000 g).

» Remove supernatant after each wash.

e Air dry pellet for + 15min.

o  Add 20ul of sterile water, vortex to resuspend and incubate at 50°C for 10min to elute
DNA.

o Centrifuge at 14000 g for 1min. Carefully, remove supernatant and quantify on

GeneQuant spectrophotometer.
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APPENDIX 10

OPTIMISATION OF PPOX EXPRESSION

Materials

Equipment

Orbital shaker incubator (Yih der LM-510, Taiwan).

Jouan KR 422 centrifuge (Saint Herblain , France).

Sonicator Ultrasonic Processor XL (Heat systems Inc, Farmingdale, New York, USA).
Beckman L 7-65 Ultracentrifuge Ti 50 Rotor (Beckman Instruments, Inc., Palo Alto.
California, USA).

Reagents

LB medium with 100ug/ml ampicillin.
Phenyl-methyl-sulphonyl fluoride (PMSF)
Use at 1pg/ml final concentration

Isopropyl-1-thio-p-D-galactoside (IPTG) 1M stock solution

Procedure

Effect of temperature on expression

Inoculate 1L of LB medium containing 100ug/mi ampicillin with 500ul of E. coli cells
Containing pHPPO-X plasmid expressing recombinant human wild type/mutant PPOX
stock solution (in 30% (v/v) glycerol) in 2L flask. Mix thoroughly and aliquot 7 x 100ml
of the inoculated medium.

Incubate at 25°C witn rotary shaking at 225rpm.
Remove first aliquot after 12 h and the remainder at two hourly intervais.
Repeat the procedure for 30°C and 37°C.

Harvest the cells, sonicate in assay buffer (see Appendix 13.4 for assay buffer) and

determine enzyme activity (see Appendix 13).

Determine time and temperature that gives maximum activity of PPOX/mg protein.
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Effect of IPTG induction on PPOX expression

e Inoculate a flask of 10 mi LB medium, containing 100uglmlxampiciliin, with 10pl of E.
coli cells containing pHPPO-X plasmid expressing recombinant human wild
type/mutant PPOX stock solution in a 50mi flask.

s Incubate overnight (+16h) at 37°C with rotary shaking (225rpm).

o Inoculate 2 x 1 L media (with 100ug/ml ampicillin) with 1 ml of the overnight culture

and grow with shaking (225rpm) until ODgoonm is 0.5 — 0.7.

¢ In one flask induce expression by adding IPTG to a final concentration of 1mM (the
other one serves as a control).

s Mix thoroughly and aliquot 5 x 100ml of the induced and non-induced cultures and
allow to grow removing a 100mil aliquot every hour.

¢ Harvest the cells by centrifugation (3000g at 4°C for 30min) and discard the
supernatant.

s Resuspend the cells in 5ml lysis buffer (0.02M Tris/HCI, 0.3M NaCl, 0.01M imidazole,
1% (wiv) n-octyl-B-D-glucopyranoside, pH 8.0) and sonicate (3 x 30s).

e Centrifuge at 100 000 g at 4°C for 30min and retain supernatant.

o Determine enzyme activity and protein concentration (see Appendices 13.4 and 14).
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APPENDIX 11

NATIVE PURIFICATION OF WILD TYPE AND MUTANT PPOX BY
METAL AFFINITY CHROMATOGRAPHY (TALON RESIN)

Materials

Equipment

Talon resin (Clontech Laboratories, Palo Alto, USA).

Orbital shaker incubator (Yih der LM-510, Taiwan)

Ultracentrifuge Ti 50 Rotor (Beckman L7-65, Beckman Instruments, Palo Alto,

Califonia, USA)

Pump (Gilson minipuls 3) (Laboratory & Scientific, Cape Town, SA)

Reagents

Phenyl-methyl-sulfonyl fluoride (PMSF), (100mg/ml stock solution)

n-octyl-B-D-glucopyranoside (Sigma Chemical Co. St. Louis, Mo, USA)

Lysis buffer, pH 8.0

20mM Tris/HCI

300mM NaCl

10mM imidazole

1% n-octyl-B-D-glucopyranoside

Equilibration buffer, pH 8.0

20mM Tris/HCI

300mM NaCl

10mM imidazole

0.2% n-octyl-B-D-glucopyranoside

Wash buffer, pH 8.0
20mM Tris/HCI
300mM NaCl
20mM imidazole

0.2% n-octyl-p-D-glucopyranoside
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Elution buffer, pH 8.0
20mM Tris/HCI
300mM NaCl
200mM imidazole

0.2% n-octyl-B-D—giucdpyranoside

Procedures

Preparation of Talon column

@

Invert bottle containing TALON resin to achieve a homogeneous suspension of resin

in the storage solution.

Immediately transfer 1ml of resin suspension to a 1cm diameter column (clamped in a

retort stand) to give 0.5mi of resin bed volume.
Equilibrate with 10ml equilibration buffer.

Transfer column to 4°C cold room 30min prior to purification.

Enzyme preparation and purification

L ]

Inoculate 1L LB media with 500ul PPOX stock solution (30% glycerol).

Shake on orbital shaker for 18h at 30°C.

Harvest the cells by centrifugation at 3000g for 30min.

Resuspend the cell in cold sonication buffer.

Sonicate in tube submerged in iced water (3 x 30s with Smin coolihg between).
Centrifuge at 100 000g at 4°C for 30min.

Load the supernatant from 30 ml sonicate onto a pre-equilibrated Talon column

(equilibration buffer) at 0.25ml/min.
Collect the flow through for further analysis.

Wash the column at 0.5mi/min with 10mi equilibration buffer followed by 10mi wash
buffer.

Elute the enzyme with elution buffer at 0.5mi/min.

Collect 0.5ml fractions, analyse on SDS-PAGE, and determine enzyme activity.
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APPENDIX 12

SODIUM DODECYL SULPHATE POLYACRYLAMIDE GEL
ELECTROPHORESIS (SDS-PAGE) (Laemmli, 1979)

12.1 Gradient gel preparation

Materials

Equipment
o S.E. 600 vertical slab gel electrophoresis unit (Hoefer Scientific Instruments/

Pharmacia Biotech, Cambridge, UK).

¢ 30ml gradient mixer (Hoefer Scientific Instruments Pharmacia Biotech, Cambridge,
UK)

Reagents

s  Spacer buffer, pH 6.8
0.125M Tris/HCI

s "Low buffer”, pH 8.8
1M Tris/HCI
7.5% glycerol

s "High buffer”, pH 8.8
1M Tris/HCI
30% glycerol

e A-Bis-A solution
30g acrylamide
0.8g bisacrylamide »
Add deionised water to final volume of 100ml. Filter and store in dark bottle.

e  Spacer solution
To a 50ml beaker add:
1.2ml A-Bis-A solution
8.6ml spacer buffer
0.1ml 10% SDS.
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0.1ml ammonium persulphate (150mg/ml) - . .

0.01ml N,N,N',N'—Tetramethyl—efhelenediamine (TEMED) (immediateiy before
pouring). :

Mix well.

e 7.5% resolving solution
To a 50ml beaker add:
7ml of "low buffer”
5mi A-Bis-A solution
0.3mi of 10% SDS
7ml of deionised water and mix well
0.1ml ammonium persuiphaté (50mg/mi)
0.01ml TEMED (immediately before pouring)
Mix well.

o 17.5% resolving solution
To a 50ml beaker add:
7ml "high buffer”
12mi A-Bis-A solution
0.3ml of 10% of SDS
0.7rni of water and mix well

0.1ml ammonium persulphate
0.01ml TEMED (add just before pouring)
Mix well.

Procedure

Gradient Gel Preparation

e Ensure tap between left and right chamber of gradient mixer is closed.

o Pour 15mi of 7.5% solution into the left chamber of the gradient mixture and 15ml of
17.5% solution into right hand chamber.

o Ensure the solution in the right hand chamber is mixed continuously.

e Simultaneously, open the tap between the two chambers and turn on the pump which
pumps the solution from the right hand chamber into the space between the two glass
plates, mounted in the gel pouring stand.
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¢ Stop the pump when the solution is approximately 2¢m from top of the plate.
e Layer water on top of the gel and allow to set for approximately 1h.
*  Once set, pour off water, add gpacer solution and immediately thereafter insert comb.

e Allow to set for approximately 15min.

12.2 Preparation of Samples for SDS-PAGE (Maizel, 1971)

Materials

Reagents

» Sample Application Buffer
20% glycerol
0.125M Tris/HCI pH 6.8

2% SDS
0.002% bromophenol blue
0.2% B-mercaptoethanol

Procedure
¢ Add equal volumes of sample application buffer and samples.

e Boil for 3min.

10.3 Gel Electrophoresis

Materials

Equipment
« Hamilton syringe
e PS 1200 DC power supply. (Hoefer Scientific instruments/Pharmacia Biotech,

Cambridge, UK).
e Orbital shaker (Yih der LM-510, Taiwan)
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Reagents
o Tank Buffer
0.025M Tris/HCI pH 8.8
0.2M glycine
0.1% SDS
e Stain
0.1% Coomassie Brilliant Blue R250 (wiv)
30% methanol (v/v)
10% trichloroacetic acid (v/v)

» Destain
20% methanol (viv)
20% glacial Acetic acid (v/v)

Procedure
» Fill tank with buffer,

s Using Hamilton syringe introduce the samples into the sample bays.

e« Run gel at constant veoltage of 70V for approximately 16h or until the tracker dye has
advanced to approximately 1cm from the bottom of the plates.

« Remove gel from between the plates and stain with constant shaking for 2h.

¢ Destain and photograph.
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APPENDIX 13

PROTOPORPHYRINOGEN OXIDASE ASSAY
(Meissner et al., 1986)

13.1 Preparation of substrate (protoporphyrinogen)

Materials

Equipment

50ml boiling tube with stopper
Hitachi U-1100 UV/VIS spectrophotometer (Koki Co. Ltd, Tokyo, Japan)

Reagents

&

Protoporphyrin-IX (Porphyrin Products, Logan, UT. USA).
20% ethanol

10mM KOH

2.7N HCl

Procedure

L

Dissolve 12mg protoporphyrin in 30ml freshly prepared 10mM KOH in 20% ethanol.

Cover the flask with tin foil (fo protect from light) and stir on magnetic stirrer at room

temperature for approximately 1h.

Filter 5ml protoporphyrin stock solution through a 0,45uM filter and dilute to + 250uM
in 10mM KOH.

Place in boiling tube (covered in tin foil) with stopper.

Determine concentration of protoporphyrin by measuring absorption of 1/100 dilution
of protoporphyrin in 2.7N HCI at 408nm, using the extinction coefficient, 262.

[ProtoporphyrinjuM = ODaosom
262 X 10°
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13.2 Preparation of 4% Na-Hg amalgam for protoporphyrin iIX

reduction

Prepare the substrate protoporphyrinogen IX by reduction of protoporphyrin IX with 4%
(wiv) sodium amalgam in low light. The preparation must be performed in the dark as it

can readily undergo auto-oxidation.

Materiais

Equipment

s Round bottomed glass flask with side arm
+ Bunsen burner

e Mortar and pestle

Reagents

e 1.8g Sodium
e 43.2g mercury

Procedure

e Weigh out 1.8g of Na metal (keep under paraffin oil to prevent spontaneous
combustion).

e Weigh out 43.2g of Hg in fume hood.

e Pour the mercury into round bottom flask with side arm attached to nitrogen.

» Heat flask over the Bunsen burner in the fume hdod.

o When mercury is hot, add sodium (in about four pieces) piece by piece.

« A spontaneous reaction may occur, if not continue heating gently over the Bunsen
burner.

¢ Continue heating until amalgam is completely liquid and glass sides clear.
o Pour into mortar dish and immediately chop until it solidifies into small granules.
o Grind further if necessary.
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13.3 Reduction of protoporphyrin IX t6 protoporphyrinogen IX

Materials

Equipment

e 0.45uM biological filter (Millex-HV Millipore, Millipore Corporation, Bedford, MA, USA)
¢ 10ml syringe

e pH Meter (Crison Basic 20 pH-meter, Laboratory and Scientific, Cape Town, SA)

e UV light

Reagent
¢ 2M MOPS

Procedure
¢ Perform this procedure in as low light as possible.

o Add freshly prepared amalgam in approximately 3 additions to the protoporphyrin
solution in the 50ml boiling tube (see Appendix 13.2).

o Stopper and shake vigorously in the dark under fume hood.

e Allow the gas to escape from time to time and check fluorescence under UV light.
e Keep on shaking until reduction is complete.

e Pourinto 10ml syringe and filter slowly through 45uM ﬂ!ter._

¢ [mmediately adjust pH appropriately (i.e to pH optimum of enzyme/mutant being
studied) by addition of 2M MOPS drop-wise.

o Utilise immediately in assay reaction.

13.4 PPOX assay

Materials

Equipment
e  Water bath (37°C) (Memmert, Laboratory and Scientific, Cape Town, SA)
¢ Hitachi 650-108 Fluorescence Spectrophotometer (Koki Co. Ltd, Tokyo, Japan)
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Reagents

e Assay buffer
100mM Tris/HCI pH 7.8/8.1
1mM EDTA
3mM DTT
0.1% Tween 20
e Cuvette buffer
100mM Tris/HCI pH 7.8/8.1
1mM EDTA
3ImMDTT

Procedure

Calibration of fluorimeter

e Make a 1/250 dilution of the +250uM protoporphyrin IX solution and prepare

standards as below:

| Guvette buffer | 17250  dilution
(D) (WD)
800 200
600 400
400 600
200 800
0 1000

e Calibrate fluorimeter such that the highest protoporphyrin concentration read at

approximately 1000 relative fluorescence units (RFU).

Preparation of assay and cuvette tubes

e Prepare cuvette tubes by adding 1ml cuvette buffer at room temperature to the

appropriate number of tubes required.

o To assay tubes add 880ul assay buffer, 20ul of PPOX sample (or blank), mix and

place in a water bath at 37°C.
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e Prepare amalgam and substrate

¢ Immediately add substrate (100pl) to the assay tubes to start the reaction, and mix by
vortexing.

¢ Incubate the reaction tubes at 37°C for 10min.

e At each time point (e.g. 10, 20, 30, 40min) transfer 100u! from assay tube to 1mi of

cuvette buffer and read fluorescence.

Determination of activity (to calculate kinetic activity from RFUs)
e Use a customised spread sheet (Lotus 123).
e This subtracts the rates of auto-oxidation measured by the change in the fluorescence

in the blank tubes from the rate of oxidation observed in each sample, corrects for the

dilution factor and converts values to nmol/mi/h.
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APPENDIX 14

PROTEIN CONCENTRATION DETERMINATION BY BIO-RAD
MICROASSAY PROCEDURE
(Bradford 1976)

Materials

Equipment

Hitachi U-3200 UV/VIS Spectrophotometer (Koki Co. Ltd, Tokyo, Japan)

1em path length glass cuvettes

Reagents

Bovine serum albumin (BSA)

Bio-Rad dye reagent

Procedure

Prepare triplicate of both standards and PPOX samples.

Add appropriate dilutions of BSA standards (1 — 7ug) in deionised water (0.8ml final

volume), to test tubes.
Add appropriate dilution of protein sample (0.8ml volume) to tubes.

Prepare blank for samples and standard by adding 0.8ml of water/appropriate dilution
buffer per tube.

Add 200u! of Bio-Rad dye reagent to all tubes and vortex carefully avoiding excessive
foaming.

Allow to stand for 10min at room temperature before reading at 595nm against
appropriate blank.

Plot BSA concentration against its absorbance at 595nm and calculate the best line fit

by linear regression.

Calculate unknown concentrations from absorbance values extrapolated from
standard curve.
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APPENDIX 15

ANALYSIS OF FLAVIN COFACTOR
(Cerletti and Giordano, 1971; Koziol, 1971; Faeder and Siegel, 1973)

Materials

Equipment

e Hitachi U-3200 UV/VIS Spectrophotometer (Koki Co. Ltd, Tokyo, Japan)

¢ Hitachi 650-10S Fluorescence Spectrophotormneter (Koki Co. Ltd, Tokyo, Japan)

e Beckman L7-65 Ultracentrifuge, Ti 50 Rotor (Beckman Instrument Inc. Palo Alto,
California, USA)

Reagents

o Flavin adenine dinucleotide (FAD) standard (97% purity) (Sigma Chemical Co. Louis,
Mo, USA)

Procedure

Fluorimetric analysis

o To purified wild type PPOX in elution buffer (0.02M Tris/HCI, 0.3M NaCl, 0.2M
imidazole, 0.2% (w/v) n-octyl-B-D-glucopyranoside, pH 8.0), add ice cold TCA to a

final concentration of 10% (as agblank treat elution buffer in identical manner).
¢ Protect from light and immerse in ice water for 10min.

¢ Centrifuge at 105 000 g for 20min at 4°C.

o Divide supernatant in half and immediately adjust one aliquot to pH 3.5 and other to
7.4 with 2M Tris.

» Prepare appropriate dilutions of FAD standard at pH 3.5 and 7.4.

e Record the fluorescence emmision spectra of sample and standard between
wavelengths 480 and 600nm at excitation wavelength of 450nm to identify the flavin.
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Spectrophotometric analysis of purified PPOX and FAD

e Measure optical density of purified PPOX at wavelength of 450nm, using elution buffer
as a reference solution.

s Determine the protein concentration of PPOX.
e Express the absorption at the above wavelengths per mg protein/mi.
» Record UV/VIS spectrum (250 — 550nm) of purified wild type and mutants.

» Record UV/VIS spectrum of FAD standard (10uM) and FAD extracted from purified
PPOX.
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APPENDIX 16

INHIBITION OF PPOX
(Corrigall et al. 1994)

16.1 Kinetic Inhibition

Materials

Equipment

Water bath (37°C) Memmert, Laboratory and Scientific, Cape Town, SA

Hitachi 650-10S Fluorescence Spectrophotometer (Koki Co. Ltd, Tokyo, Japan)

Reagents

Inhibitors: Acifluorfen (AF), Acifluorfen-methyl (AFM) (Chem. Services West Chester,
PA, USA)

Biliverdin IX hydrochloride (BV) and Bilirubin iX (BR) (Porphyrin products, Logan
USA)

Solvent: Dimethylsulfoxide (DMSO) (final concentration of 2.5% was utilised as

solvent for the inhibitors in all cases).

Procedures

Perform inhibition assay as per PPOX assay (Appendix 13.4) in the following manner:
PPOX 20ul

Inhibitor 25ul
Substrate - 100l
Assay buffer 855pl
Total 1000yl

Determine ICs; values for the above inhibitors by measuring PPOX activity over a
range of inhibitor concentration 0-100uM at single substrate concentration of 15uM.

Determine the kinetic constants K;, K; and a by performing PPOX assay at 4 different
inhibitor concentrations (0 — 10pM) for 8 different substrate concentrations (0.5 —

20pM).

Determine kinetic constants from secondary replots of Kp/Vmax vs [Il and 1/Via, vs {11
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16.2 Determination of inhibition kinetic' constants

Kinetic constants, Ki Ks and ¢ and model discriminations were determined from
secondary replots of Kn/Vmax vs [l] and ANmax vs [I] where [I] represents the inhibitor

concentration.

Observed K; was determined from the secohdary replot of Km/Vmax vs [AF], using the
equation:
- S—
y- intercept
Calculated Ki was obtained by applying the relationship below, which exists for
competitive inhibition between Ki, Km, and ICso at ény saturating substrate concentration,
S:

ICs0
Ki = "(S/Km) + 1

Ki is equivalent to that inhibitor concentration required to double the siope of the double
reciprocal enzyme velocity vs substrate concentration plot. Thus the lower the K the more
effective the inhibitor.

Observed Ks was determined from equation:

Ks = Y-intercept of { Km/Vmax vs [1])
Y-intercept of { 1/Vmax vs [1]).

Ks is the dissociation constant of the enzyme-inhibitor complex.

The ¢ value was determined from both secondary replots using equation:

1 Slope
(Ki)(o) Y-intercept of 1/Vmax vs [l]

where slope/Y-intercept were obtained from the plot 1/Vmax vs [1].

o is the factor by which Ks changes when the inhibitor occupies the active site of

the enzyme.
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APPENDIX 17

EFFECT OF TEMPERATURE ON PPOX ACTIVITY AND STABILITY

17.1 Temperature induced unfolding

Materials

Equipment

Pye-Unicam SP 1800 spectrophotometer with custom-made heating block interfaced
to an IBM PC through an Oasis digital converter

1em quartz cuvette

Procedure

Add 0.5ml of the PPOX (0.15mg/ml) into the cuvette and insert it into the heating
chamber.

Close tightly and allow nitrogen gas to run through.

Increase heating at a rate of 1°C/min, recording the absorbance value at 0.3°C from
15 - 75°C.

Once heating is complete, cool the instrument by circulating ice-cold water, turn off
the nitrogen gas, and remove the heated sample.

Process data obtained on Microsoft excel software.

Extract melting temperature from the melting curves using method as described by
Marky and Breslauer (1987).

17.2 Effect of temperature on PPOX activity

Materials

Equipment

Microcentrifuge tubes
Hybaid Omnigene thermal cycler, Teddington, UK.
Water bath (37°C) (Memmert, Laboratory and Scientific, Cape Town, SA)
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Procedure ‘

o Heat an aliquot (~200ul) of the PPOX at 90°C for 5min to use as blank.

e Aliquot 9 x 50pl of the remaining PPOX and keep one aliquot at 4°C.

e Heat each of the remaining 8 a!iqﬁots at one of the following temperatures: 30, 35, 40,
45, 50, 55, 60, and 65°C in Hybaid Omnigene Thermocycler, for 3min, then place on
ice.

e Assay for PPOX activity and plot residual activity vs temperature for Ty

determination.

Data evaluation

Calculating transition enthalpy (AH)
AH was determined by analysing the shape of an integral curve using the following

equations that assume the validity of a two-state model:
AH = - (2 + 2n)RT 2 (/81 = 1oy (1)
= ~4RTy (1/AT) forn =1 (@)

Where n = molecularity (number of chains),
= gas constant. »

T = melting temperature expressed in Kelvin.

da = 1, for comp'lete unfolding of PPOX.
aT = AT, change in absolute temperature, expressed in Kelvin (at the transition region of
melting curve). = ' o -
AH was determined from 1/AT of equation (2), in the transition region. Since a small
change in Ty, does not cause any significant change to AH, the value 4RT,? was regarded

as a constant.

Calculating change in entropy (AS) and change in free energy (AG)

AS that corresponds to AH was determined from equation (3):

AS = AH (3)
T
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Free energy change AG at T, was calculated from AH,4, and AS, and extrapolated to
25°C (for free energy of folding), and from 25°C to 705C (for free energy of unfolding). The
following equations were utilised,

AG = AH-TAS 4)

Substitution of equation (3) into equation (4) yielded the following equation (5):

AG

-AH ~ T (AH/Ty)

-AH(1 = T/Ty) (5)

This equation was used to calculate the change in free energy of folding and unfolding,

where T can be freely chosen.

Calculating change in melting temperature (AT,) and free energy for folding

A(AG2s5+c)
Change in melting temperature was calculated from equations:

ATn'\ = TmmUt - TmM (6)

T.™ and T."* = melting temperatures of mutants and wild type respectively.
9

Change in free energy of folding was calculated from equation:
A(AGgsec) = AGasec™ = AGogec™ ‘ . (7)

AGsc™ and AG,sc™ = change in free energy of wild type and mutants at 25°C

respectively.
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APPENDIX 18

CIRCULAR DICHROISM (CD) SPECTROSCOPY

(Hennessey and Johnson, 1981)

Materials

Equipment

e Jasco J-810 spectropolarimeter (Jasco Corporation, ISHIKAWA-Cho, Hachioji-Shi,
Tokyo 192, Japan)

e 0.1cm path length circular quartz cuvette

e 0.1ml micro syringe

Procedure

Scanning of CD spectrum

Calibrate the instrument by running CD spectrum of deionised water followed by buffer in
which the PPOX is resuspended (0.01 M Tris-acetate, n-octyl-B-D-glucopyranoside pH
7.2)

Analyse all spectra on 10 spectra accumulation to obtain an optimal signal-to-noise ratio.

Place the 100ul sample into the cuvette and allow 10 — 15min for thermal equilibration at

the desired temperature.
Record the CD spectrum of both PPOX sample and blank buffer under identical
instrumental settings.

Data evaluation

Data are recorded on the CD instrument as the difference in absorbance of the right- and
left-handed circularly polarised light (AA = A—-Ag) or as ellipticity (©) expressed in
degrees.

The differential absorbance is measured by the instrument using the equation:

Ae = E-Ep = AL—AR

(c)(d)
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Ag, has units of 1(mol residues)1{cm™) -

A -Ag, measure differential CD absorbance
., is the concentration in mol/l

d, is the path length in cm.

s The molar ellipticity, [@] is calculated from the measured ellipticity © (in degrees)
using the equations:

e Multiplication factor= 51 000
(10)(c)(d)

[©] = (©)(multiplication factor)
477

Where:
51 000 is the molecular weight of PPOX
€, is the concentration of the PPOX in mg/mi
d is the path length in cm
9 is the measured ellipticity in degrees
10, is the conversion factor from molar concentration to the
dmol/em® concentration unit. :
477 is the number of amino acids of PPOX

e Analyse data using Microsoft excel.

e Analyse further using progrmme by Deléage and Roux (1987).















































