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Abstract

Delta-aminolaevulinic acid synthase (ALAS) is the first enzyme in the haem biosynthetic
pathway, and in mammals is present in two isoforms — differing in regulation and
encoded for on different chromosomes. The hepatic form is up-regulated in states of
haem deficiency and thus implicated in the acute attack of porphyria. Given the large
numbers of patients who suffer from an acute form of porphyria in South Africa the

regulation of the human hepatic form of the enzyme is of considerable interest.

In vitro studies of the enzyme are difficult as it is a highly unstable mitochondrial matrix
protein with a short half-life. Much of the current knowledge about this enzyme has beeﬁ
derived from studies using rat livers, or chicken embryo livers, rendered porphyrinogenic
by treating the animals with a variety of chemicals, which generally cause super-
induction of the enzyme - and thus may not reflect true physiological regulation of the

enzyme. Therefore, direct knowledge of the human hepatic isoform of ALAS is limited.

In this study, polyclonal antibodies were raised to a fragment of human ALLAS in order to
study tissue distribution, immunohistochemically. A positive control to assess ALA
synthase antibody specificity was developed, using transient transfections of ALA
synthase in COS cells. Following this, immunohistochemical studies were undertaken,
looking at staining for ALA synthase in multiple human tissue samples, using surgical

biopsy material and post-mortem material, including a patient who died of acute

porphyria.

ALA synthase was detected in hepatocytes, proximal convoluted tubule cells in the
kidney, zona reticularis in the adrenal gland, myocytes, myocardium, bronchial glands of
the lung, oesophageal epithelium, endocrine glands of the colon, anterior pituitary cells
and neurones. Very little ALLA synthase was detected in stomach and small intestine. The
apparent high concentrations of AILLA synthase in neurones (including dendrites and
axons) has not been documented previously. This result sheds light on the theories about
the acute attack of porphyria being related to neuronal haem deficiency or direct

neurotoxicity of ALA.
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Chapter One

Literature Review 1 — The Haem Pathway
and Porphyria

Haem is an iron-containing protoporphyrin complex which, when conjugated to
a variety of proteins, plays an important role in cellular metabolism and is
involved in reduction of molecular oxygen, hydroxylation and electron transfef
in energy generation and cellular ‘respiration vas well as oxygen transport (Beri
and Chandra, 1993). It is therefore considered that haem biosynthesis is a key

biological process in both prokaryotic and eukaryotic cells.

In all living organisms haem iS synthesized via a specific pathway involving a
series of chemical reactions and modifications of various porphyrin
intermediates (see Fig 1.2). Organisms that have lost the ability to synthesize
haem are therefore dependent on host cells for their existence. In earlier

terrestrial life forms it would appear that primitive chemical systems existed in |

which abiotic synthesis of porphyrin-like compounds existed.

While this work is primarily concerned with detailed study of one specific
protein, the first and rate-determining enzyme of haem biosynthesis, -
aminolevulinic acid (ALA) synthase, this chapter serves to describe the context
within which ALA synthase can be viewed. It will cover general aspects of
haem biosynthesis, the enzymes of haem biosynthesis and the porphyrias
(disorders of haem biosynthesis). The regulation of ALA synthase is reviewed

in necessary detail in Chapter 2.



Haem Biosynthetic Pathway

Historical Background

Scherer first alluded to the existence of porphyrins in 1841 when he showed that
iron was not responsible for the red colour of blood. The colour of blood had
been attributed to the presence of iron until that time. Iron was washed out of
dried concentrated blood, using sulfuric acid, and the remaining residue became
a blood-red colour after this was heated with alcohol. Shortly thereafter, in
1844, Mulder described a purple-red fluid, not containing iron, which he called,
“iron-free haematin.” In 1871, Hoppe-Seyler was the first person to use the
term porphyrin (“haematoporphyrin™), to describe the “iron-free haerngtin”.
Interestingly, Hoppe-Seyler (1879) rediscovered the red fluorescence while
studying the porphyrin in chlorophyll, which he called phylloporphyrin. The

word porphyrin is derived from the Greek word porphuros, meaning” purple”.

Schultz (1874) described a 33-year-old patient who suffered with severe skin
photosensitivity from the age of three, and passed wine red urine. On
investigation the urine was found to contain a pigment with a spectrum similar
to that of haematoporphyrin (Baumstark, 1874). In the interpretation of these
findings Baumstark (1874) suggested that these urinary porphyrin pigments
were originating from an “error of synthesis”, a fact that was confirmed only

fifty years later.

Over the latter half of the 19" century, further cases of “porphyria”, started
being described. This was partially due to the use of the hypnotics, sulphonyl,
~ tetronal, and trional. Many chemists at that time were describing a variety of
these “porphyrins” — found in the urine of patients suffering from both natural
forms of porphyria, and patients who had ingested lead or sulphonyl. Around
the turn of the 20" century, structures of a variety of porphyrin intermediates
were described. Notably, protoporphyrin was identified (Laidlaw, 1904) and
subsequently, the correct tetrapyrrole structure of haem proposed by Kuster
(1912). However, at that time other scientists had reservations about the stability

of such a large ring structure and his work was unfortunately rejected.



The remarkable work by Fischer (1915) and other workers resulted in the
differentiation of the natural haem from haematoporphyrin, which was correctly
named, protoporphyrin. Fischer’s work on haem continued until his death in
1945. He was awarded the Nobel Prize for Chemistry, in 1930, for his work on

the chemical synthesis of haematin.

The terminology used for the tetrapyrrole biosynthetic pathway intermediates,
the porphyrins, was applied to the description of diseases of the haem pathway
in 1937, when the diseases were called “the porphyrias” (Waldenstrom, 1937).

The isolation of crystalline porphobilinogen (PBG) from the urine of acute
intermittent porphyria patients was another important milestone in the
understanding of this pathway (Westall, 1952). Cookson and Rimington (1954)
elucidated the monopyrrole structure of PBG. This compound (PBG) was
shown to be enzymatically converted into uroporphyrinogen when incubated

with chicken red cell haemolysate (Falk et al, 1953).

Subsequent attempts to study the tetrapyrrole biosynthetic pathway using
uroporphyrin-III, which had been prepared from turacin (a copper complex of
uroporphyrin-III found in the feathers of a bird species, the Cape Loerie) by the
removal of the bound copper ions, were not successful (Rimington, 1939). The
reasons for this only became clear when it was realised that the actual
intermediate substrates of the tetrapyrrole pathway reactions were

porphyn'nogené, the reduced forms of porphyrins (Bogorad, 1955).

Studies carried out in suitable animal models provided important information on
the systematic biochemical description of the haem (tetrapyrrole) biosynthetic
pathway. Various investigators studied the incorporation of radiolabelled
precursors at different steps of the pathway during the formation of the haem
molecule. Initial studies described how [“N]glycine and [“Clglycine were
incorporated into haem in humans and other animals (Shemin and Wittenberg,
1946; Muir and Neuberger, 1950; Shemin et al, 1955. In vitro labelling studies
with ["“CJacetate (Shemin and Wittenberg, 1951), using avian erythrocyte

preparations, established that succinyl-CoA was the 4-carbon compound, from



the tricarboxylic acid cycle, which provided some of the carbon atoms in the

haem macrocycle (Gibson et al, 1958).

Subsequently, it was demonstrated that S-aminolaevulinic acid (ALA) was the

- committed precursor leading to the synthesis of all the porphyrin intermediates
(Shemin and Russell, 1953; Neuberger and Scott, 1953). During this same
period it was shown that PBG is the monopyrrole precursor for all the
tetrapyrrole synthesis in this pathway (Falk et al, 1953). Thus, the porphyrin
biosynthetic pathway was well established by the mid-50°s.

Structure and Chemistry of Porphyrins and
Porphyrinogens

Haem consists of a porphyrin molecule, protoporphyrin-IX, containing an iron
atom in the center. Protoporphyrin-IX (PP-IX) ié a rigid planar molecule
consisting of four pyrrole rings linked by 4 methene bridges. Two propionic
acid, two vinyl and 4 methyl side chains are attached to the pyrrole rings (Beri

and Chandra, 1993) as shown in Fig 1.1.

The porphyrin nomenclature used is generally that which was designated by
Hans Fischer (Fischer and Orth, 1968), in which the four pyrrole rings are called
A, B, C and D and the four methene bridges ¢, B, y and 8. The eight side chains
are attached at the positions designated 1 — 8 by Fischer. The designation IX
was assigned to the isomer found in nature, after Fischer and his co-workers
discovered that the protoporphyrin purified from haem corresponded to the

ninth, out of 15 possible isomers that they had proposed.

The TUPAC-IUB (Joint Commission on Biochemical Nomenclature, 1980)
designated the four pyrrole rings as A B C D and the side chains have been
numbered 1-8 with side chains 1 and 2 occurring on the pyrrole A, 3 and 4 on B

etc. Thus, PP-IX can be described as 1,3,5,8-methyl, 2,4, -vinyl, 6,7- propionate
porphyrin.



Fig 1.1 The chemical structure of haem. The Fischer nomenclature is
indicated, as described in the text above. M = methy/ (-CH3), V = viny! (-
CH=CH),), and P = propionate (-CH, CH,COOH) groups.

PP-IX has the capacity to bind metals, most commonly iron (to form haem),
magnesium (to form chlorophyll’s) and cobalt to form vitamin B12 (Scott et al
1972; Battersby and McDonald, 1975; Jones, 1976; Bissell and Schmidt, 1987).
The iron atom in the ferrous (2+) oxidative state can form 5 or 6 ligand bonds,
depending on whether an oxygen molecule is present. Four of the bonds are to
the pyrrole nitrogen’s of the porphyrins and lie in the plane of the porphyrin
ring. The fifth bond tends to be to an amino acid of an apoprotein molecule,

often to a nitrogen atom of the imidazole group of histidine.

All porphyrins are brightly colored and when not bound to metals, fluoresce red,
in light at the wavelength of about 400nm. They also display a strong light
absorption band at around 400nm - the region of the spectrum known as the

Soret band, as well as four absorption bands in the visible spectrum.

The side chain substituents attached to the rings are important in determining
the physical characteristics of the porphyrins. As biological intermediates, the
porphyrins exist as the unconjugated less stable reduced forms, the
porphyrinogens. Porphyrinogens are relatively non-aromatic compounds, with
less rigid structural properties (Smith, 1975), are unable to bind metals, are

colourless and do not fluoresce under ultraviolet light.



Enzymology of Haem Biosynthesis

Haem biosynthesis can be viewed in the most general terms as consisting of a
series of “pyrrolic” chemical reactions and modifications, catalysed and linked
by the so-called haem biosynthetic enzymes, forming an irreversible, un-
branched metabolic pathway. The enzymes of the pathway are located
sequentially in the mitochondria, cytoplasm, and finally mitochondria (Dailey,

1990) (see Fig 1.2, below).

In a wide variety of organisms, the sequence of reactions in this pathway is
highly conserved after the initial reaction involving ALA synthesis. Both
.photosynthetic and non-photosynthetic organisms share a common pathway and
generally have almost identical enzymes catalysing the reactions from

condensation of 2 ALA molecules, to the formation of protoporphyrin-IX.

In mammals ALA, the first committed precursor, is synthesized in a single
reaction from glycine and succinyl-CoA, by the mitochondrial matrix enzyme
ALA synthase, the enzyme of interest to this dissertation. In plants, algae and
some bacteria ALA is synthesized from the intact carbon skeleton of glutamate
in three sequential enzymatic steps via what is referred to as the Cs pathway

(Beale and Weinstein, 1990).
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It is convenient to describe the synthesis of haem in four stages — firstly the
formation of the pyrrole, secondly the assembly of the tetra~pyrrole macrocycle,
thirdly the modifications of the porphyrin side-chains and lastly the final

oxidative step and the insertion of the iron atom.

Formation of the pyrrole

1. Synthesis of 8-aminolevulinic acid (ALA) by ALA synthase [EC

2.3.1.37] ~
As mentioned above, in plants, algae and some bacterial systems (e.g. E.Coli),
the synthesis of ALA occurs from glutamate by a Cs pathway. The 5-carbon
glutamate skeleton is activated when it binds to tRNA, and is then reduced to
glutamate-1-semialdehyde and converted (by transamination) to its isomer,
ALA (Beale and Weinstein, 1990). This thesis is predominantly concerned with
the C4 pathway, which occurs in many prokaryotic and all animal cells. In |
animal cells the pathway proceeds with the condensation of succinyl CoA (from

the citric acid cycle) and glycine to form ALA, by the enzyme ALA synthase.

v | | COOH
H COH
NH; ] -
-+ 0
COOH :
NH Aminolaevulinic
Succinyl-CoA acu}
SCoA

Fig 1.3 The chemical structure of glycine, and succinyl Coenzyme A
(CoA) and aminolaevulinic acid. ALA synthase catalyses the condensation
of glycine and succinyl CoA to form the first commitied precursor in the haem

pathway.



Early work by Shemin and co-workers (1945, 1955) was performed using both
['* N] and [“C] labelled glycine, and initially established that the a-carbon and
nitrogen, but not the carboxyl carbon are incorporated into haem. Shemin et al
(1951) subsequently performed labelling experiments with ['*CJacetate, and
were able to demonstrate that the remaining carbon atoms in haem are derived
from succinyl CoA. The glycine and succinyl CoA condense to form the
molecule 2-amino, 3-ketoadipic acid that is then decarboxylated to form ALA
(Shemin and Russell, 1955). The ['*C]-ALA that had been chemically

synthesized was incorporated into haem by whole cells (Shemin,1953).

Further details about ALA synthase — in particular the regulation of ALA
synthase will be discussed in detail in Chapter 2.

2. Formation of porphobilinogen (PBG) by ALA Dehydratase [EC
4.2.1.24] (Porphobilinogen Synthase)

The next step in the haem biosynthetic pathway takes place in the cytosol and it

involves the condensation of two ALA molecules, in a series of stages involving

an aldol condensation and formation of a Schiff-base (Shemin, 1976) with the

- elimination of two water molecules, to form the monopyrrole, porphobilinogen

(2™ reaction, Fig 1.2) (Jordan and Sechra, 1980).
COH
COCH

Aminolaevulinic acid
O _2

e +

; Porphobilinogen
07

Aminolaevulinic acid
NH,

NH,

Fig 1.4. Formation of Porphobilinogen (PBG) from 2 ALA
molecules.



The multi-subunit, cytoplasmic enzyme, ALA dehydratase, catalyses this
reaction. An important role of this enzymatic reaction is to ensure the correct
positioning of the two ALA molecules to ensure formation of correct product.
Because 2-aminoketones like ALA are intrinsically reactive, other products
such as the dehydropyrazine can easily form by non-enzymatic dimerization.
Thus two ALA molecules are bound to two different positions on the ALA
dehydratase. This helps to achieve specific molecular spacing, which allows the
one ALA molecule to contribute to the acetate and amino-methyl group and the
other ALA molecule to contribute the propionate side chain and the pyrrole

nitrogen (Gibbs and Jordan, 1986) (Fig 1.4).

ALA dehydratase is one of the better-studied enzymes in the haem pathway and
| has been cloned and purified from a number of bacterial, avian and mammalian
sources (Wetmur et al, 1986; Gibbs et al, 1985; Anderson et al, 1979; Bishop et
al, 1986; Bishop et al, 1989). The human form of the enzyme has been mapped
to chromosome 9Q34 (Potluri et al, 1987).

The interest in ALA dehydratase is partly owing to its clinical relevance in lead
poisoning (Moore and Goldberg, 1985) and in hereditary tyrosinaemia (Sassa
~and Kappas, 1983), as well as the rarely described ALA dehydratase porphyria
(Sassa, 1998).

A genetic polymorphism has been identified in exon 4 of the ALA dehydratase
gene, which causes an amino acid substitution of asparagine for lysine. Twenty
percent of the human population is heterozygous or homozygous for the
asparagine allele, which may predispose individuals to lead toxicity (Battistuzzi

et al, 1981; Wetmur et al, 1991; Astrin et al, 1987).

Compared to the rate-determining enzyme, ALA synthase, in the haem pathway
— under physiological conditions, ALA dehydratase is abundantly present in
mammalian cells; in liver there is 800 to 1000% more ALA dehydratase

activity, than ALA synthase (Kappa and Sassa, 1995).
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2 major classes of ALA dehydratase en;zymes are present - the zinc and
magnesium dependant ALLA dehydratases (Frankenberg et al, 1999). The zinc
dependant ALA dehydratases are found in mammals, yeasts and some bacteria
(e.g. E. coli). The magnesium dependant ALLA dehydratases are found in plants

and other bacteria.

The avian and mammalian forms of the enzyme are octomers formed from 8
identical subunits of approximately 36kDa (Shemin et al, 1974). In the case of
human ALA dehydratase the holoenzyme contains four catalytic sites and can
be viewed as a tetramer of dimers with one active site per dimer. Each active
site binds two molecules of ALA at two distinct positions, the A-site and P-site
(Shoolingin-Jordan, 1998). The ALA molecule contributing the acetate group
and the amino-methyl group of PBG binds at the A-site. The ALA cemributing
the propionate side chain and the pyrrolic nitrogen binds at the P-site. There is
an ordered binding in which the keto group of the ALA contributing the
propionate side chain forms a transient covalent bond with a conserved lysine
(human Lys-252) in the P-site first. Once there is bound substrate at the P-site,
with an available 5-amino group, binding of the second ALA molecule onto the
enzyme at the A-site may occur. The amino-nitrogen is then incorporated into

the pyrrole ring of PBG.

Binding of the second substrate at the A-site is dependent on the presence of a
divalent metal ion (Zn®* or Mg?"), and removal of these divalent ions prevent
binding at the A-site resulting in loss of activity but has no effect on ALA
binding at the P-site (Norton et al, 1998). Thﬁs in mammalian systems up to a
maximum of eight Zn** ions can bind onto an ALA dehydratase octamer (Wu et
al, 1974; Tsukamoto et al, 1980), four being required for catalysis (at the A-site)
and four not. Although the binding of the latter four metal ions at the P-site may
appear non-essential they probably play a role in conformational stabilisation of
the enzyme (Hasnain et al, 1985). The two metal binding sites have been
specifically identified on E. coli ALA dehydratase and are termed the alpha and
beta sites (Spencer and Jordan, 1995).

The enzyme is inhibited by lead, which is thought to stoichiometrically displace
zinc atoms from the enzyme (Gibson and Goldberg, 1970; Granick et al, 1973;

11



Finelli et al, 1975; Tsukamoto, 1980). This enzyme is also strongly inhibited by
succinylacetone - a compound, which is structurally very similar to ALA, and
tends to accumulate in hereditary tyrosinaemia - (Sassa et al, 1981).
Succinylacetone covalently binds to one of the active site lysine residues - thus

not allowing the first ALA molecule to bind to the enzyme (Erskine et al, 1999).

Two tissue-specific forms of ALA dehydratase exist which are encoded by a
single gene which contains separate erythroid and housekeeping promoters and
can undergo alternative splicing (Kaya et al, 1994; Bishop et al, 1996). It has
been proposed that this novel expression of erythroid-specific and housekeeping
transcripts apparently evolved to ensure that there is enough supply of haem for

high-level tissue-specific haemoglobin production (Bishop et al, 1996).

Successful expression systems exist for E.coli, Saccharomyces cerevisiae and
Pseudomonas aeriginosa ALA dehydratase. Ultra-pure preparations of the
recombinant enzyme have yielded the protein as a crystal, sometimes suitable
for X-ray diffraction (Senior et al, 1996; 1997). The crystallisation and initial X-
ray characterisation of the ALA dehydratases from E. coli and Saccharomyces
cerevisiae at a resolution of 2A have been reported (Erskine et al, 1997) as well
as a more detailed structural analysis at 1.67A for Pseudomonas aeruginosa

ALA dehydratase (Frankenberg et al, 1999).

In all cases, the best crystals were obtained when these proteins were covalently
bound to laevulinic acid. The X—ray structures have confirmed that ALA
dehydratase is a homo-octamer with each of its subunits adbpting a “TIM”
barrel fold with an N-terminal arm of 30 amino acid residues (Erskine et al,
1999). The monomers form asymmetric dimers with their “arms” wrapped
around each other, and four of these dimers interact to form octamers with their

active sites located on the surface.

In the E. coli enzyme Lys-247 (equivalent of the essential Lys-252 at the P-site
in human ALA dehydratase) forms Schiff-base link with the bound laevulinic
acid at the active site. This is also the case in the yeast ALA dehydratase where
X-ray analysis shows the formation of a Schiff-base with Lys-263 (also
equivalent to human Lys-252) (Erskine et al, 1999;).
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In contrast, structural analysis of the magnesium containing Pseudomonas
aeriginosa ALA dehydratase reveals that in each dimer the monomers differ
from one another by having a “closed” or an “open” active site pocket
(Frankenberg et al, 1999). No metal ions are found in the active site of both
monomers, however a single well-defined and highly hydrated Mg** was
identified in the “closed” form - about 14A away from the active site lysine.
Based on this information, a structure-based mechanism of action involving
allosteric binding of Mg”* at the active site with rate enhancement, has been
proposed (Frankenberg et al, 1999).

B. Formation of the tetrapyrrole macrocycle

3. Biosynthesis of hydroxymethylbilane by PBG Deaminase

NH,

[EC 4.3.1.8] (Hydroxymethylbilane synthase)

The next reaction is the polymerization of four PBG molecules to form the
linear, unstable tetrapyrrole, hydroxymethylbilane, which is catalyzed by the
enzyme PBG deaminase (Kappas and Sassa, 1995). In essence, the formation of
hydroxymethylbilane is initiated in the cytosol, by the assembly of four PBG
molecules, via a stepwise deamination and head-to-tail polymerization by this

enzyme (3rd reaction, Fig 1.2). .

Hydroxymethylbilane jm——
/\ N

HO—/
X 4 e

Porphobilinogen P NH NH A

A P

Fig 1.5 The polymerization of four ALA molecules to form an

unstable linear tetrapyrrole, hydroxymethylbilane.
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In the absence of the next enzyme, uroporphyrinogen III synthase,
hydroxymethylbilane can be spontaneously cyclisised to form the
uroporphyrinogen I isomer which cannot undergo any further processing in the
haem pathway. However the pair of enzymes, PBG deaminase and
uroporphyrinogen III synthase work together, closely and concurrently. Because
PBG deaminase is rate limiting in this pair of reactions, the enzymatic formation

of the III series isomer is favored (Battersby, 1988).

PBG deaminase has been purified from a variety of pro- and eukaryotic sources
(Jordan and Shemin, 1973; Anderson and Desnick, 1980; Williams et al, 1981;
~Corrigall et al, 1991). In humans, PBG deaminase is encoded for on the 11"
chromosome at the position 11g23 (Wang et al, 1981). It is a cytosolic

monomeric protein, with a molecular weight of 35 to 40 kDa (Jordan, 1990).

PBG deaminase is unique in that it contains a covalently attached
dipyrromethane cofactor at the active site, which binds substrate molecules
during the sequential assembly of the linear tetrapyrrole molecule (Jordan and
Warren, 1987). The structure of the dipyrromethane cofactor and its sites of
attachment to the enzyme have been characterised (Jordan et al, 1988; Jordan,
1990). It appears that initially the PBG deaminase apoenzyme catalyses the
deamination and polymerisation of two molecules of PBG at its active site
(Awan et al, 1997). The resultant dipyrrole is covalently linked via a thioether
linkage to the enzyme through a conserved cysteine (E. coli Cys-242) (Jordan et
al, 1988; Louie et al, 1996). This dipyrrolic cofactor then acts as a primer,
which gets elongated in a stepwise mechanism, one PBG unit at a time, through
enzyme intermediate complexes, “ES” (with one PBG attached); “ES2” (two
PBGs attached); “ES3” (three PBGs attached), and finally “ES4” (four PBGs
attached). The tetrapyrrole product, hydroxymethylbilane, is released by
hydrolytic cleavage, from “ES4”, regenerating the enzyme - leaving the
dipyrromethane intact (Jordan, 1994; McNeil and Shoolinger-Jordan, 1998).
Thus, the two proximal PBGs (ie. the dipyrromethane cofactor) remain

covalently linked to the enzyme and are not turned over.
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In mammals a single PBG deaminase gene exists - consisting of 15 exons
extending over 10kb of DNA (Deybach and Puy, 1995). Two different
transcripts, differing at their 5° ends, are produced from the single gene (Namba
et al, 1991; Deybach and Puy, 1995). The first is a ubiquitous, “housekeeping”
mRNA transcript produced in all cells in which exon 1 is spliced to exon 3. The
second form is specific to erythroid cells and initiates by alternate splicing at
exon 2 (Grandchamp et al, 1987). Exon 2 does not contain an AUG translation-
“initiating codon, and translation of the erythroid-specific mRNA is initiated at
an AUG located in exon 3 (Chretien et al, 1988). Exon 1 contains an AUG,
which is spliced into the same reading frame as the AUG in exon 3. Thus,
translation of the “housekeeping” mRNA produces a protein that differs from
the erythroid form by the absence of 17 amino acids (encoded by exon 1) at its
N-terminus (Grandchamp et al, 1987).

Activation of the transcription of PBG deaminase is controlled by two separate
promoters. The “housekeeping” promoter lies upstream of exon 1 and contains
motifs commonly associated with “housekeeping” genes (Grandchamp et al,
1987; Chretien et al, 1988). The erythroid specific promoter lies in intron 2 and
| displays structural homology with the beta-globin gene promoters. It is well
characterized and contains 3 classes of protein binding sites (GATA, NF-E2,
and CACC), characteristic of erythroid promoters (Beaumont et al, 1989;
Mignotte et al, 1989; Porcher et al, 1991). The housekeeping and erythroid
promoters are independently regulated even though the housekeeping promoter

contains the erythroid promoter in its transcript (Raich et al, 1989).

E. Coli PBG deaminase has been crystallized (Louie et al, 1992) and resolved to
1.76A resolution (Louie et al, 1992; 1996). The high-resolution crystallization
reveals a protein folded into three alpha/beta domains of approximately 100
amino acids each, linked by flexible strands. The flexible boundaries between
the three domains, appear to allow the conformational changes necessary to
accommodate each added PBG pymrole while the tetrapyrrole,
- hydroxymethylbilane, is synthesized. Deamination of the PBG, and formation
of the methene bridges occurs in the third domain, which contains the conserved

cysteine residues and the covalently bound dipyrromethane cofactor. The
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catalytic site is positioned in a deep cleft that occurs between the 1% and 2™
domains. Site-directed mutagenesis experiments have demonstrated that
numerous salt bridges occur between cofactor acetate and propionate groups
and arginine residues in the 1% and 2™ domains, which are important for

enzyme activity (Jordan and Woodcock, 1991; Lander et al, 1991).

4. Closure of the tetrapyrrole ring by Uroporphyrinogen-lll
Synthase [EC 4.2.1.75] (Uroporphyrinogen Cosynthase)

Hydroxymethylbilane is then cyclized, with inversion of the D ring to form
uroporphyrinogen III by uroporphyrinogen III synthase (Battersby et al, 1982;,
Battersby et al, 1982;) (4lh reaction, Fig 1.2). This inversion probably occurs via

a chiral spiro intermediate (Leeper, 1994).

N

Non-enzymatic Uroporphyrinogen I
A NH P / -
H
NH NH ' A P
P A \
P A

Uroporphyrinogen III
A \ P synthase
Hydroxymethylbilane A Ne N P -
Uroporphyrinogen I
A NH H A
P P
Fig 1.6 Formation of Uroporphyrinogen Iill, by the enzyme

uroporphyrinogen I synthase and formation of Uroporphyrinogen |, by

non-enzymatic closure of the ring.
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Enzymatic formation of uroporphyrinogen III is rapid, which favors the
formation of the III series isomer (as apposed to the non-enzymatic formation of
the uroporphyrinogen I isomer). It has been shown in human erythrocytes that
an excess of uroporphyrinogen synthase, relative to PBG deaminase, exists,
which would favour formation of the uroporphyrinogen III isomer.

Considering the requirement for uroporphyrinogen cosynthase to act in concert
with its “partner”, PBG deaminase, and the fact that the two enzymes may be
co-purified, it has been suggested that they may exist in a cytosolic complex

(Tsai et al, 1987).

Uroporphyrin III synthase have been cloned from several bacteria and
mammalian species (Stamford et al, 1995; Amillet and Labbe-Bois, 1995; Xu et
al, 1995; Tsai et al, 1988; Jordan et al, 1988). Moreover it has been purified
from a number of pro- and eukaryotic sources — including spinach, Euglena
gracilis, E.coli, rat liver and human (Tsai et al, 1987;; Tsai et al, 1987,; Tsai et
al, 1988; Kohashi et al, 1984; Smythe and Williams, 1988; Harts and Battersby,
1985, Alwan et al, 1989). |

The human uroporphyrinogen cosynthase gene has been mapped to
chromosome 10q25.3 (Astrin et al, 1991), and the cDNA expressed in E. Coli
(Tsai et al, 1988). In both the human and mouse there are 5° and 3’ untranslated
regions and an open reading frame spanning 10 exons and encoding a
polypeptide of 265 amino acids. The mouse gene shares an 80% nucleotide and

78% amino acid identity with that of the human gene (Xu et al, 1995).

All forms studied to date exist as monomeric subunits with molecular weights
of around 30 000 Da (Jordan, 1989), which are extremely thermolabile. Because
of this instability, the protein has not been well characterised. There is no
evidence for a cofactor of any sort, although the enzyme is activated by sodium,
potassium, magnesium and calcium ions, and inhibited by cadmium, copper,
mercury and zinc ions. The human enzyme has an isoelectric point of 5.5, and a

pH optimum of 7.4 (Desnick et al, 1998).
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C. Modification of peripheral side chains

5. Biosynthesis of coproporphyrinogen-Ill by Uroporphyrinogen
Decarboxylase [EC 4.1.1.37]
Following the formation of the tetrapyrrole ring, coproporphyrinogen is formed
by the decarboxylation of the four acetate chains of uroporphyrinogen III, by the
soluble cytoplasmic enzyme uroporphyrinogen decarboxylase. Both the [ and
the III isomers of uroporphyrinogen are decarboxylated, but the
uroporphyrinogen III series isomer proceeds much more rapidly. The
decarboxylation reaction commences on the asymmetric D ring and proceeds in
a stepwise manner through rings A to C to give the heptacarboxylic,

hexacarboxylic and pentacarboxylic intermediates (5" reaction, Fig1.2).

H NH /

NH

6-COOH P

5-COOH

Fig 1.7 Decarboxylation of Uroporphyrinogen Il including the
hepta- (7-COOH), hexa- (6-COOH) and penta- (5-COOH) forms and
the final product of wuroporphyrinogen decarboxylase -

coproporphyrinogen.
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The intermediates are stable porphyrinogens that occur naturally, in detectable
concentrations in vivo. Each intermediate acts as the substrate for further
decarboxylation until the requisite coproporphyrinogen-III is formed. Both the
series I and III uroporphyrinogen isomers formed, are suitable substrates for this

enzyme, but the series III isomer is more rapidly decarboxylated.

Uroporphyrinogen decarboxylase has been purified from yeast (Felix et al,
1990), bovine liver (Straka et al, 1983), chick erythrocytes (Kawanashi, 1983)
and human erythrocytes (de Verneil et al, 1983; Elder et al, 1983). This enzyme
functions as a monomer, with a molecular mass of about 41kDa, and unlike
most decarboxylases, does not appear to require a cofactor for enzymatic
activity (Bernard and Akhtar, 1979). The chicken enzyme, on the other hand is
reported to exist as a dimer composed of two 40 000 Da subunits (Kawanishi et

al, 1983).

The cDNAs for the gene encoding this protein in humans and rat have been
cloned, sequenced and characterised (Romeo et al, 1986; Romana et al, 1987a).
The two uroporphyrinogen decarboxylase gene sequences are very similér with
85% and 90% homology at the DNA and protein levels, respectively. The
cDNA for the mouse gene encoding this enzyme has 88% and 90% nucleotide
and amino acid sequence identity, respectively, with the human enzyme (Wu et
al, 1996). The isolated human uroporphyrinogen decarboxylase gene is made up
of 10 exons and two transcriptional start sites were identified (Romana et al,
1987;). The human gene encodes a 367 amino acid residues polypeptide
(predicted molecular weight approximately 41 000 Da), is present as a single
copy containing 10 exons within about 3 kb of DNA and has been mapped to
chromosome 1p34 (de Vernueil et al, 1983; McLellen et al, 1984). TWO
transcriptional start sites separated by six nucleotides have been identified
(Romana et al, 1987,) but the same polyadenylation site is used in all tissues
and it seems that both sites are used in the same proportion in both erythroid and
nonerythroid cells. Two isoforms of this enzyme were identified in human

erythrocytes, by Murkeji and Pimstone (1987).
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Various inhibitor studies using sulphydryl blockers or divalent metals such as
copper, and mercury, in human uroporphyrinogen decarboxylase suggest that
cysfeine and histidine residues are important for enzyme activity especially free
thiols and various conserved histidines, lysines and arginines (Batlle, 1986;
Woods and Fowler, 1987; Elder, 1983; Straka, 1983, Whitby et al, 1998). The
.salt bridges that occur between the arginine residues of the enzyme and the
acidic side chains of the pyrrole are involved in alignment and orientation of the
substrate for catalysis (Billi de Catabbi, 1991). However, site-directed
mutagenesis experiments indicate that no single cysteine is absolutely cfitical
for the integrity of the catalytic site, as activity, in all cysteine mutants, was
essentially maintained at a significant level. Three histidine mutants also
retained significant enzyme activity but one (human H339N) has been identified
as important in imparting isomer specificity (Wyckoff et al, 1996).

A recombinant human uroporphyrinogen decarboxylase, expressed with a
‘histidine tag in E. coli for purification purposes, was crystallized and initial data
collected at a 3.0A resolution (Phillips et al, 1997; Laterriere et al, 1997).
Subsequently, fhe crystal structure has been determined at 1.60A resolution

(Whitby et al, 1998). .

The 40.8 kDa protein is comprised of a single domain containing an (beta/alpha)
8-barrel with a deep active site cleft fdrmed by loops at the C-terminal ends of
the barrel strands. Many conserved residues cluster at this cleft, including the
invariant side chains of Arg37, Arg4l and His339, which probably function in
substrate binding, and Asp86, Tyr164 and Ser219, which may function in either
binding or catalysis. Uroporphyrinogen decarboxylase is a dimer ~ both in the
crystallized from and when in solution. Assembly of the dimer juxtaposes the
active site clefts of the monomers, suggesting a functionally important

‘interaction between the catalytic centers.
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6. Biosynthesis of protoporphyrinogen IX by Coproporphyrinogen
Oxidase [EC 1.3.3.3]

At this point the synthesis of haem re-enters the mitochondria where

coproporphyrinogen-IIl oxidase, is located in the intermembrane space and

loosely associated with the inner mitochondrial membrane on the

intermembrane space side (Medlock and Dailey, 1996; Martesek et al, 1997).

Coproporphyrinogen-III catalyses the modification of the propionic side chains

on the A and B rings of coproporphyrinogen-Ill to vinyl groups, by

decarboxylation and oxidation (dehydrogenation) to form protoporphyrinogen-

IX (6th reaction, Fig 1.2).

o

l"] NH N v
[
H
M_(\W il

Coproporphyrinogen II1 Protoporphyrinogen 1X

Fig 1.8 The chemical structures of coproporphyrinogen lll and
protoporphyrinogen IX. The oxidation of coproporphyrinogen Il series,
by  coproporphyrinogen  oxidase yields the  porphyrinogen,
protoporphyrinogen IX

Coproporphyrinogen oxidase does not accept the 1 and II isomer series of
coproporphyrinogen, but does react with the [lI and IV series isomers (Sano and

Granick, 1960; Porra and Falk, 1964; Battle et al, 1964).
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In eukaryotes, this oxidative decarboxylation reaction requires molecular
oxygen as the electron acceptor and generates two carbon dioxide molecules
(Battle et al, 1964; Sano and Granick, 1961). The reaction commences with the
decarboxylation of the 2-propionate and then proceeds to the 4-proprionate. The
mechanism probably involves a hydroxylation reaction that generates a [B-
hydroxypropionate intermediate, which is then decarboxylated and at least one
protein tyrosine group(s) may be involved in this part of the catalytic
mechanism (Sano, 1966; Yoshinaga and Sano, 1980).

In an alternative scheme, it has been suggested that a hydroxylation reaction
does not take place, but the reaction proceeds via a hydride removal during the
decarboxylation (Seehra et al, 1983). It is possible that both schemes may occur
naturally depending on the nature of the organism (Dailey, 1990). Indeed, in
some prokaryotes there appears to be two forms of coproporphyrinogen oxidase,
based on their oxygen requirements. In the case of Salmonella typhimurium, two
genes (the hem N gene and the hem F gene) encoding an oxygen-dependent and
oxygen-independent coproporphyrinogen-III oxidase have been cloned and
sequenced (Xu and Elliot, 1993; Xu and Elliot, 1994). The hem N gene is
expressed under aerobic growing conditions and requires molecular oxygen as
an electron acceptor, while the hem F anaerobic form of the enzyme does not

require molecular oxygen, but does have a variety of cofactors.

Coproporphyrinogcn oxidase has been purified from a number of sources
including rat (Batlle et al, 1965), bovine (Yoshinaga and Sano, 1980;; Kohno et
al, 1993) and mouse liver (Bogard et al, 1989) and Saccharomyces cerevisiae
(Camadro et al, 1986). Although early studies reported molecular weights in the
region of 70 — 80 000 Da (Batlle et al, 1965; Yoshinaga and Sano, 1980,), later
studies indicate a dimeric protein consisting of approximately 35 000 Da
molecular weight subunits (Camadro et al, 1986; Bogard et al, 1989; Kohno et
al, 1993). ¢cDNA data has confirmed this. It is probable that those studies

reporting a higher molecular weight could have been the dimeric form of the

enzyme.
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The ¢cDNA sequence of the human gene encoding coproporphyrinogen-II1
oxidase has been cloned, sequenced and characterised (Taketani et al, 1994;

Martasek et al, 1994; Delfau-Larue et al, 1994; Medlock and Dailey, 1996).

Analysis of the cDNA and the cloned gene from a number of oxygen-dependent
species as well as the N-terminal amino acid sequence from mouse liver has led
workers to suggest that newly synthesised coproporphyrinogen-IIl oxidase has
an N-terminal mitochondrial-targeting peptide, which is cleaved during
transport into the mitochondria. Although the length of this leader sequence was
initially proposed to be 31 amino acid residues in length (Kohno, 1993;
Taketani, 1994) other workers have reported an unusually long leader sequence

of 110 amino acids (Delfau-Larue et al, 1994; Martasek et al, 1994).

In humans, there appears to be a single copy of the gene with multiple
transcriptional initiation sites. The human gene spans approximately 14
kilobases, and consists of seven exons and six introns (Delfau-Larue et al,
1994). This gene has been mapped to chromosome 3q12 of the human genome
(Cacheux et al, 1994). Potential regulatory elements have been identified in the
GC-rich promoter region (six Spl, one CACCC and four GATA sites) and it is
suggested that a single promoter may be differentially regulated in erythroid and
non-erythroid tissue (Martasek et al, 1994, Taketani 1994). The gene contains
two polyadenylation signals separated by 126 base pairs and it is possible that
these two signals, differently utilised, may play a role in tissue-specific
expression of coproporphyrinogen-III oxidase mRNA (Martasek et al, 1999).
Coproporphyrinogen-III oxidase transcripts are induced during erythroid cell
differentiation (Conder et al, 1991; Taketani et al, 1995).

The cDNA encoding human coproporphyrinogen oxidase gene was eﬁpressed in
E. coli cells and purified to apparent homogeneity (Medlock and Dailey, 1996).
Metal analysis of this purified protein by ultraviolet/visible spectroscopy,
inductively coupled plasma atomic emission spectroscopy, and electron
paramagnetic resonance spectroscopy revealed that, unlike reports in the mouse
enzyme (Kohno, 1993) the human enzyme did not have a metal centre and there

was no in vitro stimulation by either Fe** or Cu®.
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C. Oxidation of protoporphyrinogen IX and insertion of
iron

7. Oxidation of protoporphyrinogen to protoporphyrin by
Protoporphyrinogen Oxidase [EC 1.3.3.4]
The penultimate step in the haem biosynthetic pathway is the oxidation of
protoporphyrinogen X to protoporphyrin. This six-electron oxidation is
catalyzed by protoporphyrinogen oxidase (7" reaction, Fig 1.2).
Protoporphyrinogen oxidase is associated with the intermembrane space loosely

associated with the inner mitochondrial membrane (Deybach, 1985).

Protoporphyrinogen IX Protoporphyrin IX

Fig 1.9 The chemical structures of protoporphyrinogen IX and
Protoporphyrin IX. Protoporphyrinogen 1X is oxidized, by the enzyme
protoporphyrinogen oxidase 10 yield the porphyrin, protoporphyrin IX.

During the oxidation, the methylene bridges in protoporphyrinogen-IX are
converted into methenyl bridges and protoporphyrin-IX results (Fig 1.8). The
aerobic reaction utilizes molecular oxygen as the terrminal electron acceptor. In

prokaryotes, several alternative compounds such as nitrate, and fumarate are
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utilised as the terminal elect_ron acceptors in this reaction (Jacobs and Jacobs,

1975; 1976).

PPO has Been cloned frbm a number of different sources, including the bacteria
Bacillus subtilis, Myxococcus Xanthus, yeast (Camadro and Labbe, 1996),
mouse (Dailey et al, 1995) and human (Nishimura et al, 1995). The human form
of the enzyme has been localized to chromosome 1g23 (Roberts et al, 1995).
The gene spans 5.5 Kb, including the 660bp of promoter region (Puy and
Robreau, 1996). The enzyme is about 51kDa in size and consists of 477 amino
acids. The signal sequence typically found on nuclear-encoded mitochondrial
proteins is not found on PPO. The enzyme functions as a homodimer and
requires FAD as a cofactor (Dailey and Dailey, 1996; Nishimura et al, 1995).
During the cloning and characterisation of the B. subtilis cDNA sequence for
'PPO, Dailey et al (1994,) identified the dinucleotide-binding domain in this

PPO gene confirming association of this enzyme with flavins.

All PPO’s catalyse the oxidation of protoporphyrinogen-IX into protoporphyrin-
IX and many will (Jacobs and Jacobs, 1984,; Dailey et al, 1994,; Poulson, 1975;
 Dailey and Karr, 1987;Camadro et al, 1985) also oxidise the non-
physiologically active, structurally similar dicarboxylic mesoporphyrinogen-IX.
The B. subtilis enzyme is a unique exception to all the known PPO species in
that, in addition to protoporphyrinogen-IX and mesoporphyrinogen-IX, it was
shown to oxidise the coproporphyrinogen-IlI molecule (Hansson and

Hederstedt, 1994; Dailey et al, 1994,).

An interesting feature of protoporphyrinogen oxidase is the inhibition by several
chemically unrelated herbicidal compounds, the most notable being the
diphenyl ethers. Whilst eukaryotic protoporphyrinogen oxidases are strongly
inhibited by such bicyclic compounds, these appear to have very little effect on
the activity of prokaryotic enzymes such as those of E. Coli, B. japonicum
(Jacobs et al, 1990) and B. subtilis (Dailey et al, 1994). However, once again the
behaviour of the M. xanthus PPO, rules this out as a general prokaryotic
property, because it was shown to be strongly inhibited by the diphenyl ethers
(Dailey and Dailey,‘ 19964).
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Investigation of several PPO genes has revealed the lack of any identifiable
membrane targeting signals in many of these proteins, despite finding intrinsic
inner mitochondrial membrane proteins — suggesting as yet unidentified internal
targeting sequences. However, a N-terminal leader sequence required for
membrane targeting and translocation has been suggested in few of these

proteins (Camadro et al, 1994; Narita et al, 1996; Lermontova et al, 1997).

8. Insertion of iron atom by ferrochelatase [EC 4.99.1.1]

The final step in the biosynthesis of haem is the insertion of a ferrous iron atom
(Fe™) into protoporphyrin IX (Goldberg et al, 1956) (8Lh reaction, Fig 1.2). This

is catalyzed by the enzyme ferrochelatase, which is an inner mitochondrial

membrane protein (McKay et al, 1969; Jones and Jones, 1968; Harbin and
Dailey, 1985).

Protoporphyrin IX Protohaem IX

Fig 1.10 The chemical structures of protoporphyrin IX and
protohaem IX. The iron atom is inserted by the enzyme ferrochelatase —

the final enzyme of the haem biosynthetic pathway.

The enzyme was first purified from rat liver (Taketani and Tokunaga, 1981) and

subsequently purified from bovine liver (Taketani and Tokunaga, 1982), chick
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erythrocytes (Hanson and Dailey, 1984) and human liver (Matthews-Roth et al,
1987).

Ferrochelatase has also been cloned from various sources - including the
bacteria E.coli (Miyamoto et al, 1991) B subtilis (Hansson and Hederstedt,
1992), B japonicum (Frustaci and O’Brien, 1992), yeast (Labbe-Bois, 1990),
mouse (Taketani et al, 1990; Brenner and Frasier, 1991) and human (Nakahashi
et al, 1990; Taketani et al, 1992). Enzymes from these sources exhibit similar

properties including a subunit molecular weight of approximately 42 000 Da.

Initial characterisation of the mouse ferrochelatase gene facilitated cloning and
sequencing of the human gene (Nakahashi et al, 1990). The human
ferrochelatase gene was isolated from a placental cDNA library using a radio-
labelled mouse cDNA fragment. This enzyme was synthesized as a 47 833 Da
(423 amino acid residues) protein precursor which was modified into a smaller
mature protein of 42 158 Da by cleavage of a putative leader sequence of 54
amino acid residues. Analysis of the primary sequence of this protein showed
identities of 88% and 46% to the mouse and yeast ferrochelatases, respectively.
Human ferrochelatase gene was subsequently mapped to chromosome 18q22>

(Whitcombe et al, 1991; Taketani et al, 1992).

Analysis of the gene sequence reveals that human ferrochelatase consists of 11

exons with a minimum size of 45 Kb (Taketani et al, 1992).

The cloned mature forms of the human and mouse ferrochelatases have been
expressed, purified and characterised (Dailey et al, 1994,, 3). In this study the
intriguing presence of a single labile iron-sulphur (2Fe-2S) cluster was
" demonstrated at the carboxyl end of the purified mature human ferrochelatase.
By contrast, in the same study, sequence analysis of the prokaryotic, yeast, and
plant ferrochelatase gene cDNAs revealed a lack of a similar putative binding

site for the iron sulphur cluster.



Further investigations involving site-directed mutagenesis and spectroscopic
characterisation of the human enzyme revealed that three cysteines at the
carboxyl terminal; Cys-403, Cys-406 and Cys-411 (which are conserved in
many of the known ferrochelatase sequences) are involved in the ligating the
iron sulphur [2Fe-2S] cluster to the protein (Crouse et al, 1996). Another
cysteine, Cys-196, has been identified as a fourth ligand (Sellers et al, 1998).
The precise function of the iron-sulphur cluster is to be elucidated. However, its
absence in bacterial and yeast ferrochelatases, suggests a regulatory role in the

mammalian enzymes (Ferreira et al, 1994).

The active site is hydrophobic. Sulphydryl groups on the cysteine residues in the
active site of the enzyme can be inactivated by reagents like arsenate or N-
ethylmaleimide, prior to incubation of the enzyme with ferrous iron, but not
afterwards. These vicinyl cysteines are required for iron binding, but not for

binding of protoporphyrin (Dailey, 1984)

it is probable that the ferrous iron binds initially to the sulphydryl groups of the
cysteine residues. Protoporphyrin binds after the iron. A protoporphyrin binding
pocket, similar to those found in many haem-binding proteins is present. It
appears that the protoporphyrin binding to the enzyme is mediated by arginine
residues, which correctly align the protoporphyrin to allow insertion of the iron
atom (Dailey and Fleming, 1986). This is followed by the relocation of two
protons from pyrrole nitrogen’s to the vicinyl cysteines, which enables the

enzyme to repeat the catalytic cycle.

The murine and human ferrocheletase ¢cDNA’s have two polyadenylation
signals in the 3’ region. Two different sized ferrochelatase mRNA transcripts
have been found in both human (Nakahashi et al, 1990) and mouse tissue

(Brenner and Frasier, 1991).
The smaller mRNA transcript is produced by utilization of the 5’

polyadenylation signal and this transcript is predominantly found in erythroid

tissue. This is a more stable transcript and may contribute to the increased
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requirement for haem in erythroid tissue. The larger, less stable transcript
dominates in non-erythroid tissues (Chan et al, 1993). |

The crystal structure of recombinant B. subtilis ferrochelatase, a water-soluble
monomeric protein lacking any cofactor or [2Fe-2S] cluster, has been resolved

to 1.9A resolution by Al-Karadaghi et al (1997).

More recently the X-ray crystal structure of recombinant human ferrochelatase
has been solved at 2.0 A (Burden et al, 1999). The structure reveals that the
enzyme is an 86kD homodimer that contains one [2Fe-2S] cluster per subunit.
Each monomer contains 48% o helix and 14% B sheet structure and ’is folded
into two similar domains in a fashion that typifies the periplasmic binding
protein family. Two differences that exist between the two domains are - an
additional 50 residues at the amino-terminal end that constitutes a portion of the
active site, and a 30-residue addition at the carboxyl-terminus that participates
in ligation of the [2Fe-2S] cluster and dimer stabilization. Each monomer
contains an active site pocket whose entrance is composed of two hydrophobic

- lips.

In the homodimer, both active sites are present on the same molecular face and
this surface is the largest hydrophobic region of the protein. A proposed
function of this region is to serve as the site of membrane attachment. The result
of such an organization is that both active sites are within the membrane proper
and are in a position to accept the hydrophobic substrate — protoporphyrin-
either from the hydrophobic milieu of the phospholipid bilayer or directly from
the preceding pathway enzyme, protoporphyrinogen oxidase.

The active site pocket contains a majority of highly conserved residues. Key
among these may be Hisyes. Substrate iron is probably inserted from the
opposite side of the pocket from Hisygs. Residues involved in porphyrin

macrocycle distortion remain to be unequivocally identified.
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The porphyrias
| introduction

The porphyrias are a group of genetic or acquired diseases caused by partial
defects in enzymes of the haem biosynthetic pathway. These enzyme defects
result in partial blocking at specific steps in the pathway leading to

accumulation of haem precursors generally prior to that stage of the pathway.

Under physiological circumstances, in normal individuals, due to the regulation
and kinetics of the enzymes in the pathway, relatively little accumulation of
intermediates occurs. However, in the porphyrias, haem precursors and/or
porphyrin intermediates accumulate intra-cellularly and are thereafter excreted.
Accumulation of specific haem-pathway intermediates is associated with
specific enzyme deficiency, although biochemical expression of the disorder

can vary considerably between individuals.

Many archaic and sometimes misleading names exist for the porphyric
disorders. As biochemical knowledge and clinical expertiséin the porphyria’s

developed, the classification was revised several times.

Gunter proposed the original classification of the porphyrias in 1911. Gunter is
credited with being the first scientist in the field of porphyria to recognize that

this was an inborn error of metabolism.

Slightly later classifications (in the 1950°s and 1960°s) were made according to
in which tissue the disease was predominantly expressed. Owing to the great
requirements that erythroid cells and hepatocytes have for haem, expression of
the disease may be considered predominantly hepatic or erythroid, as
determined by porphyrin accumulation in that particular tissue. Congenital

porphyria was found to be mainly expressed in bone marrow - hence the
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terminology porphyria erythropoeitica, while in the remaining forms of

porphyria, porphyrin over-expression appeared to be predominantly in the liver.

(Recessive)

Gunter (1911} Waldenstrom Schmidt etal | Waldenstrom Watson Goldberg &
(1937) (1954) (1957) (1960) Rimington
(1962)
Hepatoporphyria | Porphyria Acuta Acute Hereditary Acute
Acuta 2) Latent intermittent | Intermittent Acute Intermitient
) Abdominal form Acute Porphyria Intermittent  Porphyria
¢) Nervous form )
) Classical form Type 3) Manifest ’
€) Comatose form Mixed Type b} Latent
commencing as b)
Hereditary
Mixed or
“Variegate”
Hepatoporphyria Acquired Acguired
Acute toxica ‘
Constitutional | Hereditary
{(PCT)
Cuianea Porphyria Hereditary
Hepatoporphyria Porphyria Tarda Cutanea Cutaneous
chronica cutanea tarda Type Tarda (PCT)
a) Symptomatica
b Hereditaria
Hepatoporphyria | Porphyria Congenital Congenital Porphyria
congenita Congenita porphyria Porphyria Erythropoistica

Table 1.1 Historical classifications of the porphyrias.

Current classification takes into account both the clinical presentation and the

tissue in which the particular type of porphyria is predominantly expressed.

Clinical presentation of the particular porphyria also differs depending on which

enzyme is defective. It is useful to divide the porphyria clinically into two main

groups — the acute porphyrias and the non-acute porphyrias.

31




The acute porphyria’s are that group in which 4n dcute attack of porphyria can

occur. This presents clinically as an acute neurovisceral crisis characterized by

an ascending motor neuropathy and autonomic instability, associated with high

levels of the precursors aminolevulinic acid and porphobilinogen in the plasma

and urine. The acute attack will be discussed in further detail' later in this

section.

The accumulation of later porphyrins is characterized by a mutilating

photosensitivity and skin fragility caused by the action of the sun on porphyrins,

which have accumulated in the epidermis. Accumulation of aminolevulinic acid

and porphobilinogen is not connected to the development of skin lesions.

Type of Enzyme Skin Tissue
porphyria defect Lesions | Expression
Acute Intermittent . No
) PBG deaminase
Porphyrla Skin
Plumboporphyria ALA dehydratase Lesions
Acute Hereditary Coproporphyrinogen
. coproporphyria Oxidase
Porphyria’s PR s
Protoporphyrinogen Hepatic
Variegate Porphyria . .
Oxidase porphyria’s
Familial . Skin
Uroporphyrinogen
Acquired Decarboxylase Lesions
Non-acute
. Erythropoeitic
Porphyria’s TyRop Ferrochelatase .es
protoporphyria Erythropoeitic
Uroporphyrinogen Porphyria’s
Congenital porphyria POTPAYIIROES Py
Co- synthage

Table 1.2 Classification of the types of porphyria according to
clinical expression of the disease showing the correlation between

clinical expressions with the affected enzyme.
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As can be seen from the table 1.2, to date, porphyric disease because of a defect
in hepatic AL A synthase has not yet been described. Theories exist as to the
reason no defect in hepatic ALA synthase has been reported (May, 1995). These
include suggestions that heterozygous defects of hepatic ALA synthase may not
cause symptoms due to up-regulation of ALA synthase, and that perhaps
homozygous mutations of ALA synthase might not be compatible with life.
Indeed, a defect in the erythroid ALA synthase, which results in an X-linked
sideroblastic anaemia has been described in many reports (Cox et al, 1992;

Cotter et al, 1992).

It might be that a heterozygous mutation in hepatic ALLA synthase does not
result in clinical disease, due to the ability of ALLA synthase to be induced
Furthermore it is possible that a homozygous defect in hepatic ALA synthase

would cause a haem deficiency of such severity as to be incompatible with life.
The hepatic porphyrias

1. The acute porphyrias

The acute porphyrias are a family of diseases characterized biochemically by
the accumulation of ALA and PBG (often transient) and clinically by a sudden

potentially lethal presentation.

Attacks are usually precipitated by a variety of exogenous and endogenous
factors like certain pharmaceuticals, fasting and steroid hormones (Kappas et al,

1989).

The acute attack is associated with overproduction of ALA and PBG (Kappas et
al, 1989). The pathogenesis of the clinical presentation is not fully understood.
However a double heterozygote PBG deaminase deficient mouse is now
available, which may help elucidate some of the mechaniéms involved

(Lindberg et al, 1996). It is likely that the pathogenesis of the acute attack is
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multi-factorial and many mechanisms are potentially involved without being
mutually exclusive. The pathogenesis of the acute attack of porphyria will be
discussed in Chapter 2, following a discussion about the regulation of the haem

pathway.

“The acute porphyria’s can be divided into two main groups ~ those that present

without skin lesions and those that can have skin lesions.

1. 1 Acute porphyria not associated with skin lesions

ALA dehydratase deficiency

Cause :
Plumboporphyria (ALA-D deficiency porphyria) is due to an autosomal

recessive defect of the second enzyme in the haem pathway, ALA dehydratase.

There are other conditions, which can result in decreased ALA dehydratase
activity — hereditary tyrosinaemia and lead poisonihg. Hereditary tyrosinaemia
is a disease in which a genetic defect at the fumaryl-acetoacetase step in the
degradation of tyrosine results in accumulation of succinyl acetone, (Lindblad et
al, 1997), which is a potent inhibitor of ALA dehydratase. Neurological
disturbances similar to those found in patients with ALAD deficiency porphyria,

can be seen in patients with lead poisoning.

Incidence
ALA dehydratase deficiency porphyria is an extremely rare autosomal recessive
disorder, resulting from a homozygous or compound heterozygous ALA
dehydratase deficiency. This results in ALA dehydratase levels of <1% of

normal. To date only individual case reports of the disease have been described

(Sassa, 1998).
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Presentation
About 40 % of patients suffering from hereditary tyrosinaemia suffer from acute
attacks of porphyria. (Rank et al, 1991) and their acute attacks are managed the
same as those of a patient with porphyria. To illustrate the extreme variation in
presentation, Sassa (1998) discussed case reports of four patients, with differing
presentations of plumboporphyria. All of these patients presented with an acute
attack of porphyria. One subject had severe symptoms present from birth, and
had a liver transplant aged 6. Two unrelated adolescent German males presented
with acute attacks during adolescence. The fourth patient presented in his 60°s

with a mild attack of porphyria.

Treatment
The treatment of the acute attack of porphyria is discussed in the section dealing
with acute intermittent porphyria. Patients suffering from severe frequent and

recurrent acute attacks may require liver transplantation.
Acute Intermittent Porphyria (AlIP)

Cause

This form of porphyria occurs as a result of an autosomal dominant defect in the

third enzyme of the haem pathway, PBG deaminase (Grandchamp, 1998).

Incidence
The incidence of AIP is fairiy rare and not everybody with a defect in the PBG
deaminase has an acute attack of porphyria. A study looking at erythrocyte PBG
deaminase deficiency in Finnish blood donors found decreased PBG deaminase
activity in one donor per 500 donors (Mustajoki et al, 1992). Acute attacks of
AIP are thought to occur in 1 to 2 persons per 100 000 members of the
population. However there is an area in Northern Sweden where AIP is
particularly prevalent and acute attacks occur in about 1 individual per 1000 of

the population (Kappas et al, 1989).
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Presentation
The majority of persons with a mutation in PBG deaminase, never develop
clinical symptoms. It has been estimated from family studies that only 10 to
20% of persons with a mutation in PBG deaminase, suffer from clinical
symptoms (Kappas et al, 1989). The majority of persons with an abnormal PBG

deaminase gene, who suffer from acute attacks are women.

However, in patients who do develop symptoms, acute attacks present most
commonly with abdominal pain, with associated nausea, vomiting and
constipation. Other features of autonomic neuropathy are hypertension and

tachycardia (Grandchamp, 1998).

Features of more severe acute attacks include a motor neuropathy — more
commonly a peripheral neuropathy, but cranial nerve involvement can be
present, resulting in bulbar palsy. The neuropathy can become severe enough so
as to cause respiratory impairment and death. Convulsions, in part related to

hyponatraemia, may be present. Without treatment, the patient can die.

Diagnosis
During an acute attack, elevated urinary excretion of ALA and PBG occurs.
Immediate diagnosis of the acute attack, can be made using Erlich’s reagent,
which causes the urine to turn pink in the presence of porphobilinogen (Watson

and Schwartz, 1941).

During the acute attack, diagnosis of AIP as opposed to another form of acute
porphyria, is based on measurements of different porphyrins, in urine, plasma

and stool (Bonkvosky and Barnard, 1998).

Previously measurement of PBG deaminase activity in erythrocytes was used to
identify carriers of the disease. This did however result in incorrect diagnosis in
up to 15 % of individuals, so this has largely been replaced by DNA analysis
(Bonkovsky, 1998).
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Treatment

One of the most important parts of managing patients with AIP, is prevention of
the acute attack, by avoiding common precipitating factors. These include the
avoidance of medication, known to precipitate acute attacks, and avoidance of
caloric deprivation (Grandchamp, 1998). One aspect of management of the
acute attack comprises supportive treatment — pain management, treatment of
blood pressure and cardiac problems, intravenous glucose/calories, and
respiratory support, if needed. Specific treatment to reverse the acute attack,
consists of haem arginate infusions — which has been shown to decrease ALA
synthase activity and lead to a normalization of ALA levels (Bonkovsky, 1971;
Mustajoki et al, 1986). |

In patients suffering from a severe, intractable acute attack, it is sometimes
necessary to add infusions of tin protoporphyrin, or similar inhibitor of haem
oxygenase to the treatment regimen (Dover et al, 1991). This is because, with
repeated infusions of haem arginate, haem oxygenase, the enzyme responsible

for degradation of haem can be induced (Cable et al, 1994).

1.2 Acute porphyria associated with skin lesions

Hereditary Coproporphyria

Cause

Hereditary coproporphyria (HC) occurs as a result of an autosomal dominant

defect in the enzyme coproporphyrinogen oxidase (Berger and Goldberg, 1955).

Incidence
This form of porphyria is thought to be extrémeiy rare — occurrence is much less
frequent than AIP or VP. Reported incidence of AIP to VP to HC vary from
40:9:1(in Poland) to 2.4:0.75:1(in Israel) — as quoted in a review by Martasek

(1998).
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Presentation
70% of individuals suffering from HC never experience an acute attack of
porphyria. The 30 % who suffer from acute attacks, present with similar
symptoms to those described in the section discussing presentation of the acute
attack in AIP. Once again, these patients are predominantly women. The

commonest precipitating factor is administration of xenobiotics.

Jaundice can also be part of the presentation of the acute attack. It is thought
that acute attacks are less severe, than in patients suffering from AIP - often the
acute attack subsides after only one dose of haem arginate. However, deaths
have occurred during the acute attack in patients with HC so careful observation

and treatment are still necessary.

Photosensitivity, consisting mainly of bullous lesions on light exposed areas can
also be present — and is particularly common, when jaundice occurs as part of

the acute attack of porphyria.

A severe homozygous, or compound heterozygous form of the disease has been
described (Grandchamp et al, 1977). This tends to present at a very young age —
and presentations vary — with individuals presenting with severe hypertrichosis
and skin pigmentation, haemolytic anaemia, hepatosplenomegaly. Acute attacks
can (but do not necessarily) occur in these patients (Grandchamp, 1980).
Activity in the homozygous/compound heterozygous patients with HC is

reduced to between 2% and 10 % of normal.

Diagnosis ,
Diagnosis of the acute attack can be made as described in the section dealing
with AIP. Once diagnosis of an acute porphyria is suspected definitive diagnosis
of HC can be made by measurements of porphyrins in urine, stool and plasma.
Measurements of urinary porphyrins show increases in uroporphyrin and
coproporphyrin, faeces display marked increases in faecal coproporphyrin,
together with more modest vincreases in uroporphyrin and protoporphyrin

(Bonkovsky, 1998).

38



The diagnostic feature of HC is the presence of extremely high levels of
coproporphyrinogen III in the faeces — which results in red fluorescence of the

faeces when viewed under ultra-violet light (Martasek, 1998).
DNA analysis can be performed on bfamily members to diagnose latent HC.

Treatment

Management of the acute attack of porphyria, is similar to the management of

AIP, described in the previous section.

The best possible management of the skin problems, is sun avoidance.
Commonly used sunscreens do nbt prevent photodermatitis as they only protect
against the shorter UV rays — and it is the longer-length UV rays, which cause
the photodermatitis found in porphyria. The only effective sun-creams are those

containing zinc oxide or titanium dioxide.
Variegate Porphyria

Cause

Variegate porphyria (VP) is an autosomal dominant defect in the enzyme

protoporphyrinogen oxidase (Deybach et al,1981; Siepker and Kramer, 1985).

Incidence
Worldwide, of the acute porphyria, VP probably has the largest numbers of
patients, mainly due to an extra-ordinarily high incidence of the disease present
in South Africans of Dutch descent. In South Africa alone, over 100 new cases
are diagnosed every year (Hift et al, 1997). Cases have been reported

worldwide.

Presentation
Patients often present with photodermatitis — blisters, skin erosions and
eventually scarring, thickening, and hirsutism in sun-exposed regions. Hift et al
(1997) report that 40% of their patients with VP present with skin lesions alone,

a further 10 % present with skin lesions, but subsequently experience an acute
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attack, and contrastingly only 9% of patients présent initially with an acute

attack of porphyria.

Acute attacks of porphyria can occur, but, in contrast to those experienced by
AIP sufferers, these tend to be mainly precipitated by xenobiotics. This is
similar to the experiences reported in patients with HC. It would therefore
appear that the threshold for precipitation of the acute attack is not as low as in
patients with AIP. When an acute attack does occur, the symptoms are similar

to those found in patients with AIP.

There have been cases described of patients with a homozygous or double
heterozygous abnormality in PPO. These patients present in early childhood
with severe skin disease — even in non-sun exposed areas, brachydactyly, short
stature, seizures, nystagmus. Half of the patients display signs of mental
retardation. Rather inexplicably these patients do not appear to suffer from acute
attacks of porphyria (Corrigall et al, 2000; Roberts et al, 1998; Frank et al,
1998; Roberts et al 1996; Hift et al, 1993)

Diagnosis
Previously diagnosis relied on porphyrin concentrations, measured in stool,
urine and plasma. Typically, an elevated stool concentration of protoporphyrin,
together with the presence of a pseudo 5-COOH-porphyrin together with
elevated coproporphyrin is present. However, in latent sufferers, near-normal
concentrations of protoporphyrin in the stool can make diagnosis difficult (Hift
et al, 1997; Kirsch et al, 1998; Bonkovsky et al, 1998).

An easier spectrophotometric measurement of plasma, can reveal a fluorometric
emission at 625nm using excitation light of 405nm, which is specific for VP.

This is thought to be more sensitive than measurement of stool protoporphyrin.
The most accurate diagnosis, is screening of the PPO gene for mutations.

Unfortunately as there are multiple possible mutations in the PPO, this is mainly

of use in screening relatives of an affected individual, whose mutation is known.
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Treatment

Management of the acute attack is as described in the section dealing with AIP.
The most important aspect of management of VP is patient awareness and

avoidance of precipitating factors — particularly xenobiotics, known to be

porphyrinogenic.

The mainstay of treatment of skin manifestations is avoidance of sun exposure —~
staying out of the sun, protective clothing and use of barrier creams (zinc or

titanium based creams), when exposed to sunlight.
2 The non-acute porphyrias

Cutaneous hepatic/porphyria cutanea tarda

Porphyria cutanea tarda (PCT) is caused by a decrease in activity of
uroporphyrinogen decarboxylase. Unlike most of the other forms of porphyria,
this is not a straightforward genetic problem. Indeed a minority of patients with
PCT display a defect in the uroporphyrinogen decarboxylase gene (Elder,
1998). ' '

The majority of patients display a decrease in uroporphyrinogen decarboxylase
activity restricted to liver tissue, without an accompanying gene defect. In these
individuals, PCT appears to be triggered by a variety of agents — most notably
alcohol, hepatitis C, and oestrogen. Excess iron deposits in the liver, increased
serum ferritin, and transferrin saturation may be present. In some patients a
defect in a MHC (major histocompatibility complex) class I-like gene (the gene
called the HFE gene - that found to be involved in haemachromotosis) can be

found (Bonkovsky et al, 1998; Stuart et al, 1998; Bulaj et al, 2000).

Familial PCT is found in a minority of patients. The commoner form of familial
PCT is an autosomal dominant defect in uroporphyrinogen decarboxylase,
resulting in about 50% activity of the enzyme (Elder, 1998; Elder et al 1989).

Clinical penetrance is low — less than 10%. A rarer form of a related disorder,
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HEP (hepaticoerythropoeitic porphyria) occurs and in these patients
uroporphyrinogen decarboxylase activity is less than 20 % of normal, in all
tissues and patients have defects in both uroporphyrinogen genes (Roberts et al,
1995; Elder et al 1998). These gene defects are not identical to those found in

the autosomal dominant form of the disease.

A fourth form of PCT is also described — namely toxic PCT, which can occur
following exposure to halogenated aromatic hydrocarbons - for e.g.
hexachlorobenzene and 2,3,7,8-tetrachlorodibenzo-p-dixoin. These result in
inactivation of hepatic uroporphyrinogen decarboxylase. The most notable
incidence of toxic PCT occurred in Turkey between 1956 and 1961, following
hexachlorobenzene exposure (Cripps et al, 1984). Some patients continued to

show evidence of PCT 20 years later.

Incidence
PCT has the highest prevalence of any of the porphyrias. Incidence of PCT has
been reported to vary between 1:25 000/population in North America (Harber
and Bickers, 1981) to >1:5000 in Czechoslovakia (Martasek et al, 1987). About
20% of cases are thought to be familial PCT (Elder, 1998).

Presentation

' Patients with PCT present with skin disease, characterized by a mutilating
photosensitive dermatitis. These skin lesions occur in light exposed areas and
include extreme skin fragility, bullous lesions, scarring, facial hypertrichosis

and hyperpigmentation.

Hepatoerythropoetic porphyria presents in early childhood with severe
photosensitivity and skin lesions. The autosomal dominant form presents
usually in early adulthood — perhaps at a slightly earlier age than sporadic PCT.
Associated conditions, such as hepatitis C and excessive alcohol intake should

be looked for.
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Diagnosis
Diagnosis is made by measuring increased levels of uroporphyrin I and IIT and
heptacarboxylic porphyrin in the urine, increased levels of plasma uroporphyrin
and increased levels of heptacarboxylic porphyrin and isocoproporphyrin in the

stool. Levels of ALLA and PBG are not increased in patients with PCT.

Treatment
In cases of familial (autosomal dominant) and sporadic PCT, therapy is based
on depletion of hepatic iron stores, by phlebotomy — which leads to clinical and
biochemical remission in most cases. In some patients, where phlebotomy is
unsuitable, low dose oral cfﬂoroquine, helps mobilize uroporphyrin from the

liver -in a uroporphyrin-chloroquine complex, which is secreted in the urine.

Phlebotomy is ineffective in patient’s with HEP, therefore sun avoidance is the

mainstay of treatment.
The Erythropoeitic porphyrias
Congenital Erythropoeitic porphyria
Cause
Congenital erythropoeitic porphyria (CEP) occurs due to an autosomal recessive
disorder of the enzyme, uroporphyrinogen Il synthase (Kappas et al, 1995).
Incidence

This is an extremely rare form of porphyria and to date only about 300 cases

have been described (Desnick et al, 1998).

Presentation
Presentation varies depending on the severity of the uroporphyrinogen III

synthase deficiency. The severest cases may present at/before birth with
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hydrops foetalis, due to severe haemolytic ariaémia in utero. Other cases present
in early childhood, with photosensitivity dermatitis and haemolytic anaemia,
which varies in severity. The mildest cases may present only with skin lesions.
in adulthood. The more severe cases appear to have the lowest
uroporphyrinogen Il synthase activity, but exposure to ultraviolet light also

plays a role in severity of clinical expression of disease.

Haemolytic anaemia is the result of porphyrin overproduction in the developing
erythroblast, resulting in dysmorphic nuclei. Ineffective erythropoeisis as well

as peripheral haemolysis are present.

The haemolytic anaemia presents with anaemia accompanied by features of
haemolysis — including splenomegaly. Peripheral blood smear shows
anisocytosis, poikilocytosis, polychromasia, basophilic stippling, and increased
numbers of reticulocytes. Resultant splenomegaly adds to the anaemia and can

result in thromocytopaenia and neutropaenia.

The skin lesions typically present with increased fragility and blistering in sun-
exposed areas, with associated thickening of skin, hypertrichosis of the face and
extremities and areas of hypo- or hyperpigmentation. Scarring and secondary
infection lead to deformities of nose, ears, eyelids and fingers. Urinary excretion
of large amounts of porphyrin can manifest as pink to purple staining of diapers.
Accumulation of porphyrins in the teeth can produce a reddish brown colour in

natural light (erythrodontia) and fluorescence in long wave ultra-violet light.

Diagnosis
Uroporphyrin I and coproporphyrin I accumulate in bone marrow, erythrocytes
and plasma. Increased levels of uroporphyrin I and coproporphyrin I can be
measured in urine, and stools contain increased levels of coproporphyrin I, as
~ well as the intermediate 7-, 6-, and 5-caroxylate porphyrins (Eriksen and
Eriksen, 1997). Small increases in type III isomers can also be detected. ALA

and PBG levels are not increased.



Treatment

Avoidance of sun exposure and careful management of even minor skin trauma

is important, in reducing scarring and preventing deformity.

Blood transfusions can be therapeutic in mild cases, where erythropoeisis can be
suppressed, and porphyrin production therefore decreased. At puberty, further
suppression of erythropoeisis, using hydroyurea, may be necessary (Guarini et

al, 1994; Desnick et al, 1998).

Bone marrow transplant has been performed in a few cases, and results in
decreased porphyrin levels and abrogation of the haemolytic anaemia and
photosensitivity (Shaw et al, 2001; Harada et al, 2001; Tezcan et al, 1998;
Thomas et al, 1996). ‘

Erythropoeitic protoporphyria

Cause: - |
Erythropoeitic protoporphyria (EPP) is thought to result from an autosomal
dominant defect in the enzyme ferrochelatase. However, more recently, nit
would appear, that more profound deficiency of ferrochelatase is present in
patients with clinical disease, thus suggesting a second functional defect in the
non-affected ferrochelatase gene (Gouya et al, 1999; Gouya et al 1996).
Moreover, some patients with severe EPP have been shown to have double

heterozygote mutations in both ferrochelatase genes (Rufenacht et al, 1998).

Incidence
EPP is a very rare form of porphyria. One study (Went and Klasen, 1984), in the
Netherlands uncovered a total of 200 patients with EPP in 91 families. A review

(Todd 1998), cited 24 different mutations published, in 27 unrelated families.

Presentation
Presentation is often in infancy with severe photosensitivity manifested by
erythema, oedema when exposed to sunlight, for even short periods. Vesicles,

. bullae and skin fragility - common in other forms of porphyria, are uncommon.
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Chronic skin changes include pigmentation aid lichenification of the skin
(particularly the hands), together with shallow pitted scars on the nose and

cheeks with leathery pseudovesicles over the nose and hands.
A mild hypochromic microcytic anaemia may be present.

In some patients, abnormalities of the biliary tract and liver may be present
(Gross et al, 1998; Doss and Frank, 1989). About 10 % or patients have
gallstones (predominantly consisting of precipitated protoporphyrin). Mild
increases in transaminases, alkaline and alkaline phosphatase and gamma-
glutamyl transpetidase occur in 20% of patients. Some of these patients may
develop cirrhosis over time and a in a few patients, disease progresses to liver

failure (Gross et al, 1998).

In a minority of patients, a very severe, rapidly progressive liver failure,
associated with increased photosensitivity and cholestasis can occur (Sarkany
and Cox, 1995; Mion et al, 1992; Gross et al, 1998). This is accompanied by
sever upper abdominal pain, splenomegaly and haemolysis. Without transplant,
the clinical course is usually fulminant. In some of these patients, with severe
end-stage disease with cholestasis, neurological manifestations, similar to those
found in an acute attack of porphyria may occur (Rank et al, 1993). These
manifestations also occur particularly after transplant surgery (Herbert et al,

1991). The pathophysiology has not yet been elucidated.

Diagnosis v
Diagnosis is made by measurement of vastly increased levels of protoporphyrin
in stool and erythrocytes (Bonkovsky and Barnard, 1998). ALA and PBG levels
are not increased in EPP. Fluorescence can be detected in plasma, showing
characteristic excitation maxima of 409 nm and emission maxima at 636 nm (de
Salamanca et al, 1993).

Treatment.

Photosensitivity 1s treated by avoidance of exposure to visible light — including

visible light of green and violet wavelength (in the 400nm region). Beta-
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carotene has been used for treatment of the skin photosensitivity, but clinical

efficacy in controlled trials has not been proven (Todd, 1994).

Blood transfusions and haematin infusions have been used to suppress
erythropoeisis. Complete plasmapheresis has been used to decrease circulating
protoporphyrin. Excretion of protoporphyrin in bile is promoted using oral
charcoal and cholestyramine (Pimstone et al, 1987; Avner and Berebson, 1982;

McCullough et al, 1988).

Fifteen liver transplants have been reported in patients with rapidly deteriorating
liver functions. Gross et al (1998) have reported their experiences doing
transplants on § patients with severe liver disease and EPP. EPP patients have
unique problems, during and post liver transplant, including tissue damage, due
to operating theatre lights (Bloomer et al, 1996). Patients are not cured of
protoporphyria, as the erythroblasts still provide a source of excess
protoporphyrin. Ideally bone marrow transplant, prior to liver transplant should
be performed (Cox et al, 1998). As yet, this has not been performed, because the
disease is not yet sufficiently well understood, to predict which patients might
be at risk of fulminant liver failure, and therefore, the risks associated with bone

marrow transplant are difficult to justify.

Perhaps promising for future therapy in patients with EPP is a recent report
(Pawliuk et al, 1999) of the definitive cure of a mouse model of EPP using
haematopoietic stem cells transduced with a polycistronic retrovirus expressing

human ferrochelatase.

Summary

In this chapter we have looked at the complex pathway involved in the
biosynthesis of haem. In eukaryotes, eight enzymes, four of which are

mitochondrial are involved in the biosynthesis of the haem molecule.
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Disorders related to each of the enzymes has been described. A defect in a

_ particular enzyme leads to a distinct clinical picture.

We are studying ALA synthase, the rate-determining enzyme in the haem
pathway. It would appear to play a major role in the regulation of haem
biosynthesis. As yet, we have no explanation why induction of ALA synthase

occurs in some forms of porphyria, but not in others.

In chapter 2 we will be looking at ALLA synthase and the regulation of haem

biosynthesis, and at possible pathogenetic mechanisms for the acute attack of

porphyria.
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Chapter Two

Literature Review: The role of ALAS in
Haem Biosynthesis

As mentioned in the previous chapter, in animal cells the haem pathway
proceeds with the condensation of succinyl CoA (from the citric acid cycle) and
glycine to form ALA, by the enzyme ALA synthase. Early work by Shemin and
co-workers (1945, 1955) was performed using both [ N] and ['*C] labeled
glycine. They established that the ¢t-carbon and nitrogen, but not the carboxyl
carbon are incorporated into haem. They then performed labeling experiments
with {14C], and were able to demonstrate that the'remaining carbon atoms in

haem are derived from succinyl CoA.

The glycine and succinyl CoA condense to form the molecule 2-amino, 3-
- ketoadipic acid that is then decarboxylated to form ALA (Shemin and Russell,
1955). The ['*C]-ALA that was chemically synthesized was proved to be

incorporated into haem by whole cells (Shemin and Russel, 1953).

The molecular basis for the formation of ALA, i$ that glycine forms a stable
Schiff-base carbanion linkage with the pyridoxal-5’-phosphate on the ALA
synthase protein. The succinyl CoA has an electrophilic carbonyl group on the
succinate, which reacts with the glycine molecule, forming the intermediate ~

amino-B-keto-adipic acid, which is decarboxylated to form ALA (Ferreira et al,

1993).

ALA synthase, which catalyses the formation of ALA is the first committed |
.enzyme in the haem pathway. It is a homo-dimer (Jordan, 1991), present in the
mitochondrial matrix, loosely associated with the inner mitochondrial
membrane (Scotto et al, 1983). Each sub-unit has a molecular weight of about

56kDa. Pyridoxal-5’-phosphate is required as-a co-factor.
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In mammalian systems two isoforms, encoded for on different chromosomes
and differing in their regulation, have been cloned (Bishop, 1990). The
erythroid isoform is only found in red blood cells, while the housekeeping or

hepatic form is found in all other cells.

The hepatic or ubiquitous form was first cloned from livers of chick embryos
(Borthwick et al, 1985), and subsequently the rat and human cDNA’s were
cloned (Yamamoto et al, 1988; Bishop, 1990). Erythroid ALA synthase was
first cloned in chickens, and later from mice, human and rats (Riddle et al, 1989;
Schoenhaut and Curtis, 1989; Bishop et al, 1990). In addition 2 isoforms of
ALA synthase (HemA and HemT) were isolated from Rhodobacter sphaeroides
(Bolt et al, 1999),

In humans the erythroid isoform is encoded for on the X chromosome and the

hepatic form is encoded for on the 3™ chromosome (Bishop, 1990).

* Amino-acid sequence alignment suggests the preseﬁce of a well-conserved
Carboxyl terminus and a less well conserved amino terminus with a high degree
of homology between bacterial, yeast, avian and mammalian proteins. In
eukaryotic cells the amino-terminus is not present in the mature mitochondrial
enzyme and is likely to be a pre-sequence which directs the enzyme to the
mitochondrion and which may also have a regulatory role (Urban-Grimal et al,

1986; Hayashi et al, 1976; Hayashi et al, 1983).

More recently, further detailed information about the reaction mechanism ha§
been gained from studies on a murine erythroid form of ALA synthase, which
- was hyper-expressed and purified from E.Coli (Ferreira, 1993). In this model,
the pyridoxal-5’-phosphate cofactor formed a Schiff-base linkage with an &-

313) in the enzyme (Ferreira,

amino group of a conserved lysine residue (Lys
1993; Neame and Dailey, 1993). When the conserved lysine was replaced with
other amino acids (alanine, histidine or glycine) the cofactor still bound to the
mutant enzymes non-covalently, but catalytic activity was abolished (Ferreira et

al, 1995).
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Further studies by Ferreira and coworkers (Ferreira et al, 1995) have révealed
that a glycine-rich loop, GAGAGG is highly conserved between different
species and a similar loop is found in many pyridoxal-5’-phosphate requiring
enzymes. Site-directed mutants were constructed. In the functional mutants the
1 and 2™ glycine (G'** and G'*) residues could only be substituted with the
amino acid, alanine. In addition, functional mutants all contained an arginine in
position 149. The functional mutants showed decreased activity compared to the
wild-type ALA synthase, in particular showing a decreased Vi, (6-83fold
lbwer) and generally showing an increased Ky, for glycine (4-10 fold) and a
slightly increased K, for succinyl CoA (1.4 to 6 fold greater than in wild type
ALA synthase).

In vivo studies were performed to generate heterodimers from catalytically
inactive mutants of mouse erythroid ALA synthase. These were transformed
into E.Coli hemA- strains, which require exogenous ALA or active ALA
synthase for growth. Remarkably, a hemA- strain in which two catalytically
inactive ALA synthase mutants (R149A and K313A) were co-expressed was
able to grow — thus indicating the presence of catalytically active AL A synthase.
This heterodimer was purified and the Ky, values and enzyme activities were’
calculated, and AL A synthase activity, was measured. Kp values for the
substrates were found to be similar to that found in wild type ALA synthase,

and activity measured was 26% of that found in wild-type ALA synthase.

In addition, four catalytically inactive Saccharomyces cerevisiae ALA synthase
mutants were studied. Once again, some of the mutant heterodimers exhibited
enzymatic complementation (i.e. showed some activity when measured in
tandem). Taken together, these experiments provided compelling evidence that
the ALA synthase active site is located at the subunit interface and that
catalytically essential residues were provided by each subunit (Tan and Ferreira,

1996).
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Regulation of haem biosynthesis in higher vertebrates

All cells have a requirement for haem — to a greater or lesser extent. Demand for
haem within a particular cell can vary greatly. For example in hepatocytes,
sudden exposure to a xenobiotic or potential toxin can occur that requires an
oxidation or a hydroxylation reaction for elimination of the substance. This

would increase the requirement for a haem-containing cytochrome P-450

enzyme.

Haem in excess however, is potentially toxic to cells and when interacting with
molecular oxygen it can catalyze oxygen radical formation, damaging proteins

and lipids (Balla and Vercellotti et al, 1991; Muller-Eberhard and Fraig, 1993).

As the first committed step in the haem pathway is the formation of ALA by the
ALA synthase and as this is the enzyme at lowest concentration in the haem
biosynthetic pathway in both liver and erythroid cells (Bottomley and Muller-
Eberhard, 1988), it is a likely site for regulation of the haem pathway.

In erythroid progenitor cells, the hormone erythropoeitin is the primary stimulus
for proliferation and differentiation of cells to form erythroblasts. With
differentiation, there is a large increase in transcription and translation of the
genes encoding enzymes in the haem pathway (Busfield et al, 1995). However
the increase in ALLA synthase is less than that in the other enzymes and in this

situation ALA synthase continues to be rate determining.

In hepatocytes a variety of xenobiotics induce ALA synthase activity, which
supplies the additional haem required by the xenobiotic induced cytochrome P-
450’s. However, the other enzymes in the haem pathway are not inducible, and

do not appear to be rate limiting, even when ALLA synthase activity is induced.
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A comparison of housekeeping and erytvhroid ALA

synthase sequences.

The hepatic or ubiquitous form was first cloned from drug-induced livers of
chick embryos (Borthwick et al, 1985), and subsequently the rat and human
cDNA’s were cloned (Yamamoto et al, 1988; Bishop, 1990).

Erythroid ALA synthase was first cloned in chickens, and later from mice,
human and rats (Riddle et al 1989; Schoenhaut and Curtis, 1989; Bishop et al,
1990). The erythroid form of ALA synthase has been purified from rat
reticulocytes (Munakata, et al, 1993), while the murine form of erythroid ALA
synthase has been hyper-expressed and purified in E.coli (Ferreira and Dailey,

1993).

The hepatic and erythroid ALA synthase isozymes display extensive amino acid
homology in the C-terminus, as do the bacterial, avian, and other mammalian

enzymes.

While the mitochondrial signal sequences from housekeeping ALA synthase are
greater than 80% identical in chick, mouse, rat and human, they have little
identity with the erythroid ALA synthase mitochondrial targeting sequences -
about only 24% identity (Lathrop and Timko, 1993).

This difference between the two sequences probably reflects important

regulatory mechanisms governing uptake of enzyme into the mitochondria,

which differ in the two isoforms, and these are not yet completely understood.
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Erythroid ALA synthase MVTAAMLLQCCPVLARGPTS LLGKVVKTHQFELEG

QNCPKMMEVGAKPAPRALS TAAVHYQQIKETPPASEKDKTAKAK VQQTP D GSQQSP
GRCPIL ATQGH * * * % * * * LATQGPNCSQI* * * * % * * HUKATKAGG DS P * # # % 4

DGTQLPSGHPLPATSQGTA SKCPFLAAQMNQRGSSVFCKAS LKLQEDVQEMNAVRK
#ok ok dok ok 4 k% SWAKGHEPFMLSELQDCKSKIVQKAA PKVQEDVK AFK TDL*

EVAETSAGPS* V VSVKTDGGDPSGLLKNE* QDIMQKQRPERVSHLLQDN LPKSVST
ook ok kol ok PESTVISVS # % %k ko kok LRKPFSGPQEQEQISGKVTHL JIQNNMPG*NYV

[EQYDRFFEK KIDEKKNDHTYRVEKTYNRR A HIFPMADDYSDSLITKK QVSVWESN
IFS YDQFFRDK [MEKKQDH’[‘YRVF’K’I‘VNRWADAYPFAQH FSEASVASK DVSVWCSN

DYLGMSRHPRVCGAVMDTLKQHGAGAGGTRNISGTSKFHVDLERELA DLHGKD
DYLG! MSRHPQV LQAT QETLQRHGAGAGGTRNISGT SKFHVELEQELAE LH QKD

AALLFSSCFVANDSTLFTLAK MMPGCEIYSDS GNHASMIQGIRNSR V P K Y IFRHN
SALLFSSCFV ANDSTLFTLAK I L P GCEIYSD AGNHASMIQ(‘IRNSGAAK FVFRHN

DVSHLRELLQRSDPSVPKIVAFETVHSMDGAVCPLEELCDVAHEFGAI TFVDEVH
|DPDHLKKLLEK SNPKIPKIVAFETVHSMDGA | CPLEELCDV SH QYGALTEVDEVH

JAV(:LY(:AR(:G GIGDRDGVMPKMDIISGTLGKAFGCVGGYIASTS SLIDT VRSYA
'AY(:LY(rSR(xA GIGERD G IMHK I!IIS(:TL(:KAFGBW(:YIAS’I‘RDLVDMVRSYA

AGFIFTTSLPPMLLAGALESVRI LK(:AE(:RVL&R QHQRNV KLMRQMLMDAGLP
AGFIFTTSLPPM VLS(:ALESVRLLK(:EE(: QALRRAHQRNVK HMRQL LMDRGLP

VVHCPSHIIPVRVADAAKNTEVCDELNQRHN IYVQAINYPTVPRGEELLRI APTPHH
[ VPCPSHIIPI RVGNAAL NSKLCDL:LL SKHGIYVQA[NYPTVPRGEELLRLAPSPHH

TPQMMNYFLEN LLVTWKQVGLELKPHSSAE CNFCRRPLHFEVMSE R EKSYFSGL
SPQNIME DFVEKLLLAWTAVGLPLQDVSVA ACNFCRRPVHFELMSE WERSYF GNM

SKL* VS AQA
IGPQYVTTYA

Hepatic ALA synthase ** % MESV VRRCPFLS RVPQAFLQK AGK* * SLLFYA

Fig 2.1 Alignment of the amino acid sequences of erythroid and
hepatic ALA synthase. Hepatic and erythroid ALA synthase amino acid

sequences are represented in 1 letter amino acid form, and presented

aligned with the erythroid sequence below the hepatic. Homologous amino

acids have been highlighted.
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Studies looking at expression of both hepatic and erythroid ALLA synthase, in
murine erythroleukaemia cells have demonstrated differences in regulation of
hepatic and erythroid ALA synthase (Fujita et al, 1991) that suggest the

1sozymes are under separate controls.

The proposed cleavage site of the amino-terminus of the housekeeping form of
the enzyme has been deduced from the purified chicken mature and pre-enzyme
forms of ALA synthase. Here a 56 amino acid pre-sequence is cleaved between
2 glutamine residues (Cox et al, 1991). The amino-terminus in erythroid cells is.
cleaved between a serine and glutamine residue (May BK, 1995). The mature
housekeeping mitochondrial protein is therefore predicted to have a molecular

weight of 65kDa and the erythroid mature protein, 60kDa.

Thf; exon-intron organization has been determined for the chicken and rat
hepatic and for the chicken, mouse and human erythroid isoforms of ALA
synthase (Schoenhaut and Curtis, 1989; Maguire and Day; Yomogida et al,
1993; Lim et al, 1994;Conboy et al 1991).

The arrangement of introns and exons is conserved between erythroid and
housekeeping genes —viz. exon 2 of the human form (exon 1 of chicken ALA
synthase) corresponds to the mitochondrial signal sequence, while exons 5 to 11
| (4-10 of chicken ALA synthase) corresponds to the catalytic domain of the
enzyme. This implies the existence of a common ancestral gene that underwent

duplication and translocation (May, 1995).

The regulation of erythroid ALA synthase

The production of haem and globin in erythroid cells is intimately associated
with erythroid cell differentiation. Committed erythroid progenitor cells
undergo differentiation and proliferation, (see Fig. 2.2 below). The end product

of this is the anucleated mature erythrocyte circulating in the blood.
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Fig 2.2 Diagram illustrating amplification and maturation sequences of
the development of red blood cells from the pronormoblasts (Hoffbrand
and Petit, 1984) ‘

The process of erythropoeisis is stimulated by a haemopoetic growth factor,
erythropoeitin, which is specific for erythroid prbgenitor stem cells (Krantz,
- 1991). The earliest precursor cells, the burst forming unit erythroid cells
(BFU’s) differentiate and proliferate into the colony forming unit erythroid cells

(CFU’s), which are morphologically recognizable pro-normoblasts.

Expression of erythropoeitin receptors commences in the BFU stage, reaches
maximal amount in the CFU stages and thereafter declines (Broudy et al, 1991).
The CFU proerythroblasts give rise to erythroblasts, in which maximal amounts

of haemoglobin are produced. Following this, the nucleus of the cell is extruded.

However, the resulting reticulocytes continue to produce haemoglobin for a
short while, after which time they lose the remaining ribosomes and
mitochondria, and become mature circulating erythrocytes (May BK et al,

1995). The level of erythroid ALA synthase is markedly increased by the
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presence of erythropoeitin in the erythroblasts. Moreover, the erythroid ALA
synthase promoter closely resembles the globin promoter - containing many of

the same erythroid specific motifs (Cox et al, 1991).

Research work using JE2 and MEL cells has shown increases in transcription of
most of the haem pathway genes during erythroid cell development (Fujita et al,
1991; Grandchamp et al, 1985; Kohno et al, 1993; Busfield et al, 1993). It is not
yet established at which period during erythroid cell differentiation the
transcription of haem biosynthetic genes is maximally increased, and whether or
not the increased transcription is co-ordinated between enzymes in the

biosynthetic pathway.

ALA dehydratase, while being encoded for on the same gene in erythroid and
non-erythroid tissues, has separate housekeeping and erythroid specific
promoters (Kaya et al, 1994). However the erythroid and hepatic isozymes are
identical, the only difference occurring in the 5’untranslated region of the

mRNA.

The third enzyme in the haem pathway, PBG deaminase, as’ ‘previously
mentioned in chapter ohe, exists in two different isozymes, which differ at the
N-terminal sequence. The erythroid PBG deaminase mRNA contains erythroid
specific promoters that are not present in the housekeeping form (Chretain et al,

1988; Mignotte et al, 1989,).

The coproporphyrinogen oxidase and ferrochelatase genes appear to have
promoter elements that contain both recognized erythroid and housekeeping

motifs (Taketani et al, 1992).

Co-ordination of haem and globin synthesis with iron balance is also important
to the erythroid cells.-In addition to being potentially toxic, free iron is relatively
insoluble and requires iron-binding proteins for its transportation and storage
(May et al, 1995). Erythroid cells have the greatest requirement for iron in the
body, accounting for 70% of total iron in the body — thus availability of

sufficient iron and regulation of iron is important in haemoglobin synthesis.
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In mammals, transferrin is the major iron-binding protein in serum and iron is
delivered to cells as an iron-transferrin complex. Once intracellular, this iron is
complexed with protoporphyrin, as haem and stored in ferritin shells (Klausner

et al, 1993).

There are differences in regulation 6f iron homeostasis between erythroid and
non-erythroid cells. In non-erythroid cells iron homeostasis is maintained byv
coordination between transferrin receptor and ferritin expression — in the
presence of abundant iron, transferrin receptor levels decrease and ferritin levels
increase, which results in a decrease in the uptake of intracellular iron, and
promotes sequestering of excess intracellular iron. In iron shortage, the opposite
occurs (Klausner et al, 1993; Theil, 1990). The mechanisms for this process are
largely post-transcriptional, and are modulated by an iron-responsive-element
(IRE). These are conserved sequences of 28 nucleotides that occur either in the

5’ or 3’ untranslated regions of the mRNA (Klausner et al, 1993).

The IRE forms a stable hairpin loc)p and is capable of interacting with a group
of proteins called the iron-regulatory-element binding protein (IRE-BP). In the
presence of low iron concentrations, the IRE-BP adopts a conformation that

allows strong binding to an IRE.

This IRE is presént in the 5’-untranslated region of the ferritin and the 3’-
untranslated region of the transferrin mRNA. When bound to the 5"regi0n of the
ferritin mRINA, translation of ferritin is inhibited. When the IRE-BP binds to the
IRE of the transferrin receptor mRNA, it prevents nuclease binding and
increases the stability of the mRNA. This results in increased translation of the
transferrin receptor protein (Klausner et al, 1993). One of the mechanisms
thought to be operative is that in the presence of sufficient iron the IRE-BP is
able to assemble an iron-sulfur cluster, which prevents binding to the IRE’s

(Hirling et al, 1991; Philpott et al, 1993).

In erythroid cell differentiation, an increase in transcription of transferrin

receptors appears to be the predominant regulatory mechanism. The transferring
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gene promoter contains an erythroid active element, that stimulates receptor
gene transcription (Lok and Ponka, 2000). There is also evidence to suggest that
there is increased transcription of the ferritin gene in addition to post-
transcriptional regulation by iron. Moreover experiments performed using
Friend erythro-leukaemia cells induced to erythroid differentiation (using
DMSO), it was demonstrated that uptake of iron from transferring limited and
controlled haem synthesis (Laskey et al, 1986). Formation of haem in erythroid
cells is therefore dependent on cellular availability of iron, and this is an

important factor in the regulation of erythroid ALA synthase.

The 5’ -untranslated region of erythroid ALA synthase consists almost entirely
of an IRE structure similar to that found in the transferrrin and ferritin mRNA’s.
This 52 nucleotide IRE is highly conserved in mouse, chick and human
erythroid ALA synthase mRNA, and is not found in the housekeeping ALA
synthase or any other haem biosynthetic enzyme mRNA. The binding of an
IRE-BP inhibits translation of erythroid ALA synthase (Melefors et al, 1993;
Gray and Hentze, 1994; Dandekar et al, 1991; Hentze and Caugham, 1987). In
. addition to the two specific RNA binding proteins, (IRP1 and 2) which have
been described, it has been demonstrated that ferrochelatase, which contains an
iron-sulfur cluster is able to exhibit IRE-BP activity and is able to bind to the
IRE of erythroid AL A synthase (Ferriera, 1995).

A model has been proposed for the regulation of erythroid ALA synthase in
differentiating erythroid cells (May, 1995). It suggests that, in response to
erythropoeitin, transcription of the erythroid ALA synthase gene and other
genes of the haem biosynthetic pathway enzymes increase. Iron is transported
into erythroid cells via the transferrrin receptor and forms a pool of free and
ferritin- bound iron. Erythroid cells appear unable to mobilize ferritin iron for
- haem synthesis and the presence of ferritin is probably to protect against
toxicity of iron (Adams et al, 1993). Erythroid ALA synthase is translated if the
level of free intra-cellular iron is sufficient to inhibit binding of the IRE-BP to
the IRE of ALA synthase. When ALA synthase activity is increased, in keeping
with the rate-limiting role of ALLA synthase in the haem pathway, the produption
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of protoporphyrin is increased, and iron is inserted into the protoporphyrin

molecule forming haem.

FP
v
GATA-1 and other
transcription factors /
v
) 9,0.0.0.0.0.0.0.0.8 ¢4 )
ALA Selr?:‘” /
synthase-2
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BP ALA-S2

IRE-BP

Translation of

i ALA-S2
Pre-ALA-S2 \"\/\/
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globin mRNA

4 Globin

Haemocglobin

Fig 2.3 Proposed model for regulation of erythroid ALA synthase and
globin mRNA in erythroid cells (May, 1995). The iron pool regulates
translation of ALA-S2 via the iron-response element binding protein, while
the cytosolic haem pool is proposed to act on translation of globin mRNA,
while negatively regulating the synthesis of haem. The key to abbreviations
used in the figure is as follows: ALA-S2 - Erythroid ALA synthase; TF- transferrin;
TFR- transferrin receptor; IRE-BP — iron responsive element binding protein.

60



In states of iron deficiency, the regulation of erythroid ALA synthase activity
ensures that large accumulations of protoporphyrin do not take place. In
differentiating erythrocytes haem does not appear to have any effect on
transcription or translation of erythroid ALLA synthase. There is some evidence
to suggest that haem can inhibit translocation of ALA synthase into the
mitochondria (Lathrop and Timko, 1993), which may be of importance in co-

ordinating haem and globin production.

The translation of globin genes is well co-ordinated with the supply of haem. In
states of iron and hence haem deficiency, a haem regulated inhibitor kinase
(HRI) in erythroid cells is activated and prevents translation of globin mRNA.
~ In the presence of sufficient haem, HRI is inhibited, by binding of haem, which
acts by catalyzing inter-subunit disulphide bond formation, resulting in dimer

subunit inactivation.

The regulation of housekeeping ALA synthase

Housekeeping ALA synthase mRNA has been detected in small amounts in
numerous rat tissues e.g. adrenal gland, heart, small intestine, brain and liver.
Highest levels of ALLA synthase mRNA occurs in adrenal gland, testis, liver and
kidney. These results probably vary with the species, age, sex of the animal and

with exposure to xenobiotics (Srivastava et al, 1993).

Regulatory sequences have been identified in the rat ALLA synthase gene. These
are present in the promoter region (up to —479 bp) and in the first intron of the
ALA synthase gene. These include a TATA box and two motifs which are
homologous to the binding site for the transcription factor, nuclear respiratory
factor 1(NRF-1), which is present in the promoter regions of many nuclear
encoded mitochondrial proteins, particularly those concermned with oxidative
phosphorylation (e.g. cytochrome ¢, y-ATP synthase). This may indicate some
coordination of mitochondrial haem supply with some of the respiratory chain
- subunits. Generally, housekeeping genes that contain this class of promoters are

highly regulated, having tissue-specific promoters.
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In contrast, the genes fbr ALA dehydratase, PBG deaminase, uroporphyrinogen-
I decarboxylase, and ferrocheletase do not contain these promoters. Their
promoters are GC rich, lack a TATA box and contain multiple Sp1 binding sites
- which reinforces the evidence that these are differently regulated from the rate

determining ALA synthase.

Haem regulates its own synthesis by controlling the amount of ALA synthase
present using several mechanisms. These vary between species and may differ

depending on the stimulus inducing ALA synthase.

The initial studies were performed in chick embryo livers cell cultures, using a '
variety of xenobiotics (Granick 1966; Whiting and Granick, 1976). These
xenobiotics, which included AIA (allylisoisopropylacetamide) and DDC (3,,5-
diethoxycarbonyl-1,4-dihydrocollidine), resulted in increased ALA synthase
activity. Metabolic labeling of protein and immuno-precipitation studies showed
that the increase in enzyme activity was due to increased synthesis of ALA
synthase protein and not due to activation of pre-formed protein. Moreover,
Whiting and Granick (1976) found that there was an increase in
immunologically detectable ALA synthase protein in the mitochondria, which
was proportional to the increase in enzyme activity. It was also demonstrated

that administration of haem prevented this increase in ALA synthase activity.

The induction of ALA synthase by xenobiotics was also noted to be tissue
specific. In rats, AIA and Phenobarbital increased ALLA synthase mRNA in liver

and kidney (Srivastava et al, 1988), but not in other tissues.

Kurashima et al (1970) were the first to demonstrate that haem inhibited
translocation of the ALA synthase pre-enzyme into the mitochondria. Ades
(1983), performed metabolic labeling experiments using chicken embryo
hepatocyte cultures and [S**]-labeled methionine. He was able to confirm that
haemin blocked the processing of precursor ALA synthase in AIA treated
chicken embryo hepatocytes. Shortly afterwards, Srivastava et al (1983) were

able to show that haemin prevented the transfer of the drug-induced ALA
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synthase precursor into the mitochondria, and that this effect was specific for

ALA synthase.

Other studies looking at the mechanism of xenobiotic induction and haemin
repression Qf chick embryo ALA synthase, established that AIA increased the
concentratidn of ALA synthase mRNA (Ades and Harpe, 1981) and that haemin
decreased this mRNA concentration (Drew and Ades, 1986). When they
studied ALA synthase mRNA while using o-amantin to block transcription of
ALA synthase, they noted that addition of haemin to the cell culture resulted in
a decrease in the half-life of ALA synthase, and proposed that while the
mechanism of AIA induction of ALA synthase mRNA appeared to be as a result
of increased transcription of ALA synthase, haemin decreased the half-life of

the mRNA.

As the chicken embryo ALA synthase mRNA does not contain (A+U)-rich
sequences in the 3” untranslated region (like similarly regulated mRNA’s where
mRNA half-life is important in regulation of the protein), the effect of haemin
on the mRNA stability is still being investigated (May'et al, 1995). It was also
observed that the addition of a translational blocker, cycloheximide to AIA
treated chicken hepatocytes, resulted in further induction of ALA synthase
mRNA (Ryan and Ades, 1989; Hamilton et al 1988). This effect was also seen
with the translational inhibitor, ricin (Ryan and Ades, 1991). Hamilton (1988)
proposed fhe existence of a labile repressor protein, which inhibited ALA

synthase transcription.

However, when O-aminitin was added to hepatocyte cultures following AIA
induction of ALA synthase, and cycloheximide was added several hours later,
ALA synthase mRNA appeared to be increased compared to controls not
containing cycloheximide. This lead to the proposal that the stability of ALA
synthase mRNA may be inhibited by binding of a labile protein. However,in
contrast, nuclear run-off assays performed by Dogra et al (1993), using chick
livers from embryo’s treated with Phenobarbital and cycloheximide have

established that the changes in ALA synthase mRNA appear to be
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predominantly due to changes in the rate of transcription of the ALA synthase
gene. The mechanism of drug induction of ALA synthase remains elusive,
although it was recently found that a tyrosine kinase inhibitor prevented the

induction of AL A synthase (Dogra and May, 1996).

It would appear that there are differences in the regulation of the avian and -
mammalian forms of ALA synthase. Studies performed in a rat hepatocyte
system (Srivastava et al, 1988; Yamamoto et al, 1988) found that the regulation
of ALA synthase by haemin appears to be at the transcriptional level, rather
than at the level of mRNA stability. AIA and Phenobarbital also appeared to
induce ALA synthase at transcriptional level. A study by Yamamoto et al
(1983) using a cell free rabbit reticulate lysate system and polysomes from AIA
treated rats, suggested that protein synthesis appeared to be inhibited by the
addition of haemin, and that specifically, this effect appeared to be at the

peptide elongation step.

Furthermore, as in the avian system, haemin inhibits translocation of the pre-
ALA synthase into the mitochondria (Yamauchi et al, 1980). This regulation is
mediated via the conserved haem- regulatory Cys-Pro motifs found in the

amino-terminus of the enzyme (Lathrop and Timko, 1993).

Many of the xenobiotics that induce ALLA synthase activity are inducers of one
or more specific cytochrome P450’s. The cytochrome P450s induced are those
involved in oxidation or hydroxylation reactions in the smooth endoplasmic
reticulum of hepatocytes. The induction of AL A synthase is postulated to occur
in order to provide haem for the cytochrome p450. Many studies have been
performed to try and deduce the mechanism for xenobiotic induction of ALA
synthase and a variety of cytochrome P450’s. These studies have also tried tb
see if the induction of the cytochrome P450 and AILA synthase are related.

- When chick embryo’s or rats are treated with xenobiotics e.g. Phenobarbital or
AlA, the rate of transcription of ALA synthase is increased (Srivastava et
al,1988; Hansen et al 1989; Dogra et al, 1993). Haemin administration prevents

the xenobiotic induction of ALA synthase activity. In the original studies in a
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chick embryo system, (Hamilton et al, 1988), looked at the effect of
Phenobarbital and AIA on ALA synthase aid a Phenobarbital-inducible
cytochrome P450 (CYP-PB).

The experiments showed rapid and simultaneous induction of the mRNA’s for
ALA synthase and CYP-PB. This did not agree with the previously proposed
models in which the depletion of the haem pool by increased cytochrome P450
resulted in an induction of ALA synthase activity. Moreover treatment with
cycloheximide did not prevent the induction of ALA synthase but resulted in
even greater induction than was seen with xenobiotics alone. While haemin
completely suppressed ALA synthase activity, mRNA amount was reduced oﬁly
by 50%. Of note is that in the presence of cycloheximide, the repression of

ALA synthase mRNA by haem was prevented.

Further studies by Hamilton, et al (1992) and Dogra, et al (1992) confirmed the
increases in mRNA for ALA synthase and CYP4502H1/2 in chick embryo
systems in the presence of Phenobarbital-like xenobiotics and inhibitors of
protein synthesis. Transcription run-off assays (Dogra et al, 1992) showed that
these changes in mRNA were predominantly due to changes in the rate of
transcription of these genes. Furthermore, the fact that the induction can proceed

with almost complete inhibition of protein synthesis points to the presence of a ‘
labile repressor protein, which may be involved in expression of these genes.
Once again it was shown that xenobiotic induction of ALA synthase does not

require the concomitant synthesis of a P450 apoprotein.

Studies looking at the effect of haemin on xenobiotic-induced ALA synthase
activity have shown differences compared to the avian system. Haemin
administration to rats can completely inhibit the xenobiotic induction of ALA
synthase and this effect appears to be at the level of transcription of the gene

(Srivastava et al, 1988).

Sinclair et al (1990) further examined the role of haem in regulation of ALA
synthase and cytochrome P450’s in rats using rat hepatocyte cultures.

Phenobarbital increased the amount and activity of cytochrome P450 IIB1/2,
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ALA synthase mRNA and ALA synthase activity. Treatment of the hepatocytes
with succinyl acetone increased the mRNA for ALA synthase and several
cytochrome P450°s. However, while AL A synthase activity was increased after
treatment . of hepatocytes with succinyl acetone, the amount of various
cytochrome p450 proteins was reduced, as was the cytochrome P450 activity.
The decrease in cytochrome P450 protein may be due to the fact that haem
appears to maintain the catalytically active structure of cytochrome P-450 and
increases the efficiency of incorporation of cytochrome P450 into lipid
membranes, by altering the secondary structure of the cytochrome P450

(Uvarov et al, 1990).

Although in Sinclair, et al’s study (1990), the availability of haem was
decreased after treatment of the hepatocytes with succinyl acetone, this did not
have an effect on the xenobiotic induced induction of the cytochrome P450
transcription. Sinclair et al (1990) showed that induction of cytochrome P450 is
independent of haem status in the intact rat hepatocyte. In addition,
administration of inhibitors of haem biosynthesis (e.g. succinyl acetone) to rats,
in the absence of xenobiotics only a small increase in ALA synthase
transcription is observed, implying that there might be a xenobiotic-meditated
transcription factor involved in induction of ALA.syhthase activity (May et

al, 1995).

The induction of ALA synthase by xenobiotics is quite heterogenous. However,
considerable progress is being made in elucidating the mechanisms of
cytochrome P450 induction. Different cytochromes P450's are induced by
different xenobiotics and the mechanisms of induction appear to differ as well
(Waxman and Azaroff, 1992). For example, induction of the human cytochrome
P450 1A2 by 3-methylcholanthrene appears to be mediated by stabilization of
the mRNA and increased translation of the P450 1A2, while the induction of the
3A series of cytochrome P450’s by macrolide antibiotics appears to involve
protein stabilization. The induction of the P450 2B by phenobarbital in rat
hepatocytes appears to be due to increased transcription of the corresponding
genes. Other genes induced by phenobarbital e.g. epoxide hydrolase, NADPH:

P450- reductase, glutathione S-transferase, fibrinogen beta-chain and gamma-
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chain, apolipoprotein B (Fruch et al, 1997) - although induced at the level of
transcription, appear to differ in response to phenobarbital, suggesting that
different genes may be regulated quite differently in response to the same
stimulus. The planar polyhalogenated or polycyclic aromatic hydrocarbons
while inducing some of the cytochrome p450 isozymes result in
uropoporhyrinogen decarboxylase inhibition — which depletes the free haem

pool (Marks, 1988).

Heterocyclic compounds similar to 3,5,-diethoxycarbonyl-1,4,-dihydro-2,4,6-
trimethylpyridine, and compounds containing a terminal olefinic or acetylenic
croup, cause mechanism-based inactivation of cytochrome P-450, with resultant
destruction of the haem moiety — increasing demand for haem (Marks et al,

1988).

Adding to the complexity of understanding the mechanisms of cytochrome
P450 induction by xenobiotics are the studies looking at the effect of
cycloheximide in induction of a variety of cytochrome P450’s. In a rat
hepatocyte system, cycloheximide appears to block the usual phenobarbital -
induced accumulation of P4502B mRNA, but it appears to increase P4503A
mRNA. As previously discussed, the regulation of cytochrome P450 in avian
systems differs from that in mammalian systems. Although some progress has
been made in looking at cytochrome P450 metabolism in humans, little has been
conclusively proven about the regulation of cytochrome P450 and haem
biosynthesis in humans. In addition to the ethical problems associated with
obtaining human tissues, there are technical problems with long-term

hepatocyte cultures (Ryan et al, 1993).

However over the last few years, there has been some progress at looking at
cytochrome P450 vaccinia transfected hepatoma cell lines (Gonzalez, 1993).
Moreover, progress has also been made at uncovering which cytochromeP450’s
are responsible for metabolism of which particular xenobiotics using hyper-
expressed cytochrome P450’s in lymphoblast cell lines (Crespi et al, 1991;
Birkett et al, 1993; Crespi et al, 1993;; Crespi et al, 1993,).
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In summary though, the important points are tha'f haem biosynthesis is tightly
regulated - partly owing to the potential for intracellular toxicity of excess haem
(although the toxicity is counter-acted by induction of haem oxygenase and
subsequent conversion of haem to bilirubin [May, 1995]) and to sudden needs
for increased haem. Mechanisms of regulation of haem biosynthesis appear to
differ in mammalian and avian livers as well as in different tissues in the same

animal.

The role of ALA in the pathogenesis of the acute
attack of porphyria

The acute porphyrias consist of the porphyria’s mentioned in the previous
chapter, together with the condition called hereditary tyrosinaemia — an inborn
error of metabolism resulting in the accumulation of succinyl acetone, which
inhibits th‘e enzyme ALA dehydratase, which can have a presentation similar to
plumboporphyria (ALA dehydratase deficiency pbrphyria) and lead poisoning,
which can present with neurological symptoms similar to those found in

plumboporphyria.

As previously mentioned, this group of porphyrias has the potential for
presenting as an acute attack of porphyria. This refers to the life-threatening
neurovisceral crises that intermittently occur and which are clinically manifest
by a motor neuropathy (causing symmetrical weakness), autonomic instability
(e.g. causing BP fluctuations, hypertension, tachycardia, abdominal pain), and
sensory problems (e.g. parasthesia, dysasthesia). In addition, two of the acute
forms of porphyria can present with skin lesion — viz. variegate porphyria and
hereditary coproporphyria. The acute attack is always associated with increased

levels of ALLA and PBG in serum and urine.
Treatment is supportive plus the administration of haem, which leads to a

decrease in AL A and PBG levels and improvement in symptoms. Supportive

medical treatment may involve for e.g. ventilation if paralysis of respiratory
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muscles occurs, treatment of metabolic disturbances like hyponatraemia, control

of blood pressure fluctuations, carbohydrate supplementation.

Often attacks are precipitated by a variety of exogenous and endogenous factors
e.g. xenobiotics like pharmaceutical medications, fasting, steroid hormones.
According to Kirsch et al (1998) there are differences in the acute attack in
patients with VP and AIP. In patients with VP males and females are equally
likely to have an acute attack — in contrast to AIP in which the acute attack
appears to be more common in young women. In addition, recurrence of an
- acute attack is much rarer in VP compared to AIP. Moreover in VP acute
attacks are rarely, if ever seen in response to endogenous factors for e.g.
secondary to menstrual cycle — indeed they are most commonly precipitated by
xenobiotics. In terms of treatment of the acute attack, patients with AIP appear
to need treatment with haem arginate with much greater frequency compared to
patients with VP. Although the acute attack is associated with overproduction of
ALA and PBG, the pathogenesis of the clinical presentation is not fully
understood. It is likely that the pathogenesis of the acute attack is multi-factorial
and many mechanisms are potentially involved without being mutually
exclusive. Some of the proposed pathogenetic mechanisms will be discussed

below.

Common pathological findings are patchy demyelination of peripheral nerves
and axonal degeneration. Further findings are loss of neurons and chromatolysis
of cells in the anterior horn of the spinal cdrd, as well as chromatolysis in
neurons of brain stem nuclei — particularly the dorsal vagal nucleus and ganglia
of the autonomic nervous system (Bonkovsky et al, 1982; Cavanagh and

Mellick, 1965; Meyer et al, 1998).

Direct neurotoxicity of ALA
One proposed mechanism is direct neurotoxicity of ALA. Percy et al (1979)
were able to show non-saturable uptake of ALA into primary cultures on
neurons and glial cells. Although AL A administered to volunteers has not been

associated with symptoms of acute porphyria (Dowdle et al, 1968), ALA
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concentrations as low as 2X10 ° M caused reversible misfiring of electrically
stimulated neurons in crayfish neuro-muscular preparations (Bonkovsky et al,
1982). In addition concentrations as low as 10° M caused the death of culture
chick embryo neuronal and glial cells (Percy et al, 1981). A more recent study
in 1998 (Abdul-Razzak and Bagust, 1998) demonstrated that ALLA applied to rat
spinal cord, in concentrations from 1 - 1000uM, resulted in decreased
spontaneous activity in lumbar dorsal roots and decreased amplitude of the

monosynaptic component on the ventral root reflex.

However these effects have not been demonstrated in human spinal cord
neurons in vitro (Gorchein, 1989). Moreover in vivo studies in rodents have
failed to produce any symptoms suggestive of an acute attack of porphyria
(Edwards et al, 1984;; Edwards et al, 1984,). Percy and Shanley (1977)
investigated CSF from 4 VP patients, during an acute attack. Levels of ALA in
the CSF, were well below levels in plasma, and much lower than concentrations

of ALA shown to exert effects in vivo.

Shanley et al (1975) were able to show uptake by rat brain of Cis-ALA, during
intraventricular injection of ALA. Brain uptake of ALA following
intraperitoneal or subcutaneous injection of C14-ALA, even in nephrectomized
-rats which had sustained elevated blood levels of ALA, was extremely low.
However in the rats receiving intraventricular injections of ALA, uptake of

ALA was greater in the hypothalamus, than in other areas.

There have been numerous attempts to get an in vitro model, simulating the
effects of an acute attack of porphyria. Some of the preliminary studies have
looked specifically at the effects of ALA accumulation on sub-cellular elements
(Monteiro et al, 1989; Balla et al 1991,; Balla et al ’19912; Hermes-Lima et al,
1992; Onuki et al, 1994; Oteiza et al, 1994). Monteiro et al (1989) were able to
demonstrate that ALLA auto-oxidizes, which resulted in the formation of free

radicals.
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In some of the in vitro models, some of the poténtial damaging effects of ALA
demonstrated included inducing iron release from ferritin, with concomitant
lipid peroxidation in liposomes (Oteiza et al, 1994), single strand breaks in
plasmid DNA in the presence of ALA and Fe** ions, which was attenuated by
the addition of anti-oxidant enzymes, metal chelators and HO' scavengers
(Onuki et al, 1994); an increase in Ca2+ uptake with a resultant inhibitory effect
~on oxygen consumption of the mitochondria and an effect on trans-membrane
potential of cortical syntaptosomes (Penatti et al, 1996). Neal et al 1997 were
able to show that ALA accumulation in CHO (Chinese hamster ovary) cell
culture resulted in inhibition of colony formation and decreased cell survival, as
well as decreases in glutathione, glutathione disulfide and catalase — parameters

indicative of oxidative stress.

Neurotransmitter interactions
Many studies were performed during the 1970°s, and once again more recently
looking at potential interactions of AL A with the neurotransmitters, GABA and
L-glutamic acid. ALA displays structural similarity to both these
neurotransmitters. In vitro reports looking at rat brain, subjected to exposure to
ALA concentrations in the region of 10 '4M, showed that ALLA inhibited the
uptake and increased the efflux of GABA (Brennan and Canril, 1981). Na*K*-
ATPase was also inhibited — which is known to stimulate efflux of GABA. At
loWer ALA concentrations (10°M), ALA acted as a partial agonist of GABA by
inhibiting the stimulated release of GABA from nerve endings (Brennan and

Cantrill, 1981).

Muller and Snyder (1977) were able to show that ALA competed for the
binding of GABA to synaptic GABA receptors in CNS membranes. Meyer et al
(1998) made the point that in view of recent reports of two or more distinct
GABA receptor systems, similar binding studies should be repeated — looking at
binding of ALA to the different sub-classes of GABA receptors. More recently,
Emmanuelli, et al (2001) reported that ALA inhibits the binding of

[3H]Muscimol binding to both human and rat cerebral cortical membranes (in
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an almost identical fashion) and plan further investigations using rat

membranes.

Neuronal haem deficiency
Another mechanism proposed is that symptoms of the acute attack of porphyria
may be related to neuronal haem deficiency. Little is known about the -
regulation of the haem pathway or of the regulation of ALLA synthase in neural
tissue. Decreased activity of hepatic cytochrome p450 enzymes has been shown
in patients suffering from porphyria (Mustajoki et al, 1994). However there is
no evidence of decreased hepatic p450 activity directly resulting in porphyric
symptoms. However a deficiency in haem in neuronal tissues, could result in a
decrease in cytochrome p450 activity which could have implications for

cytochrome p450 metabolized neuro-active substances.

Another theory, about a more indirect effect of ALLA on the CNS, is related to
the presumed decrease in the activity of haem dependant enzyme - hepatic
tryptophan dioxygenase (tryptophan pyrrolase) during an acute attack of
porphyria. This is thought to lead to elevated plasma concentrations of
tryptophan. Plasma concentrations of tryptophan are thought to largely
determine CNS tryptophan concentration. 5-Hydroxytryptamine (5-HT) — an
important neurotransmitter is synthesized from tryptophan, and thus an increase
in brain tryptophan might well cause an increase in 5-HT - with increased
serotonin effect explaining some of the CNS manifestations of acute porphyria.
Litman and Correia (1983) demonstrated in» rat models (with chemically
induced porphyria) that tryptophan pyrrolase activity was impaired and that this
was associated with elevated tryptophan and 5-HT turnover in the brain, which
was reversed after the administration of haem. Bonkovsy et al (1991) and Price
et al(1959) have shown increased excretion of tryptophan and 5-HT metabolites
in the urine -of  patients with acute porphyria. Increased blood levels of
tryptophan and 5-HT have also been demonstrated in patients with AIP, which

can be reversed by infusion of haem arginate.
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An increase in serotonin, can explain many of the features of the acute attack of
porphyria — particularly the autonomic neuropathy associated with the acute
attack of porphyria. However this does not explain the motor neuropathy or the

seizures seen in patients having an acute attack of porphyria.

A double heterozygote PBG deaminase deficient mouse is now available, which
may help elucidate some of the mechanisms involved (Lindberg et al, 1996).
These mice are compound heterozygotes (denoted T1/T2[-/-]), which have only
30% of normal PBG deaminase activity. Although they appear to have normal
porphyrin excretion, treatment with phenobarbital results in induction of hepatic
ALA synthase and increased plasma and urinary ALA. In this model, a decrease
in large diameter myelinated fibers has been shown, together with damage to
intramuscular nerve bundles — findings similar to those in patients suffering
from acute AIP. They also display electromyographic signs on neurogenic
: dehervation and show symptoms of peripheral neuropathy. These findings are
'present in mice not treated with phenobarbital or showing increased excretion of
ALA. However even with treatment of these mice with phenobarbitol, the
classical sign of abdominal pain associated with the acute attack of porphyria is
not demonstrated. Presently studies of autonomic function in the compound
heterozygous AIP mice are taking place, which should increase our

understanding of the pathogenesis of the acute attack of porphyria.

Summary

Although relatively little is yet known about the regu]ationlof haem biosynthesis
in humans, it is clear from the animal models studied, that regulation of haem
biosynthesis and ALA synthase activity in non-erythroid tissues is important to
. our understanding of porphyria. Obvious ethical constraints and technical
problems - limit our ability to study human hepatic ALA synthase. In the
following chapters in this thesis we embark on a project in which we were able
to make antibodies to AL A synthase and to embark on a immunohistochemical

study of ALA synthase in different tissues.
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Chapter Three

The production of antibodies to ALA
synthase.

3.1 Introduction

Little is known about the regulation or tissue specific expression of ALA synthase
in healthy humans or in individuals suffering from porphyria (see chapter 2).
Although the tissue distribution of ALA synthase mRNA has been studied in rats

(Srivastava et al, 1992) similar studies in humans have not been reported.

The human hepatic form of the enzyme has not yet been purified as technical
problems have hampered research of the human hepatic form. Problems
encountered include the minute quantities of ALA synthase produced under
physiological conditions (9-11nmol/g in human liver), its highly hydrophobib
nature and the short half-life of the enzyme ~ the human hepatic form has a half-

life of approximately 30 minutes (personal communication DF Bishop).

Unlike mouse liver, which is easily homogenized for subcellular fractionation,
homogenizing human liver requires many time consuming steps, which may
include a collagenase digestion to obtain a smooth homogenate. The instability of
the enzyme, its susceptibility to proteolytic breakdown and the hydrophobicity of
the enzyme add to the technical difficulties in working with this enzyme. Moreover,

there are ethical constraints associated with the use of fresh human liver.
These problems notwithstanding, the sequence of the human hepatic AL A synthase

gene was published by Bishop (1990). The gene was cloned from a human foetal

liver cDNA library using rat primers.
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Much of the information available on ALA synthase has been obtained from studies
investigating the enzyme regulation in AIA (allylisopropylacetamide) and DDC
(3,5-dicarbethoxy-1,4-dihydrocollidine or 3,5-diethoxycarbonyl-1,4-

dihydrocollidine) treated rats or chicken embryos.

Treatment with these compounds results in a chemical porphyria with a
concomitant induction of ALA synthase. The mechanism for the induction of ALA
synthase by AIA and DDC is poorly understood. This has been reviewed in detail

in chapter 2.

On a sub-cellular level, the only form of ALA synthase, which has successfully
been hyper-expressed and purified, is the mouse erythroid form of the enzyme
(Ferreira and Dailey, 1993). These scientists were able to overcome the problems
of poor solubility and instability, by expressing mouse erythroid ALA synthase
under control of an alkaline phosphatase promoter, thus allowing the AL A synthase
to be exported into the periplasmic space. In this expression system, traditionally,
an alkaline phosphatase pre-sequence is present on the amino-terminus of the
expressed protein and cleaved off as the protein enters the periplasmic pace.
However, only by removing this alkaline phosphatase pre-sequence, were they able
to achieve thé transportation of ALLA synthase into the periplasmic space, with the
enzyme in a processed and soluble form. Remarkably, the enzyme was active and
retained physical and catalytic properties observed in mammalian tissue. Sufficient
quantities of murine erythroid ALA synthase were obtained, to allow

characterization of the physical and kinetic properties of this enzyme.

Aim

The objective of this work was to produce antibodies to human hepatic ALA
synthase for immunocytochemical examining the distribution of the enzyme in
human tissue. Information about this would be of help in understanding more about
the pathogenesis of the acute attack in patients suffering from an acute porphyria,

as at present, many theories exist about the pathogenesis of the acute attack and
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whether there are specific macro and micro tissue environments in which ALAS is

induced.

Background to experimental approach: |
My initial attempts at hyper-expressing active full length ALA Synthase in E.coli
were unsuccessful. ALA synthase ¢cDNA sub-cloned into pGEM (pGEM-ALA
synthase) was used in these initial experiments. E.coli transformed with pGEM-
ALA synthase was allowed to grow in culture broth, both at 37 °C and 28 °C. Once
the cells had reached an Ajg of 1.0, IPTG was added to the culture medium to
induce production of the ALA synthase protein. On centrifugation, no cell pellet
was obtained, despite shortening the IPTG induction period to 15 minutes, or

reducing the amount of IPTG from the standard of 0.1uM to 0.01uM and 0.001pM.

Supernatants from the above-mentioned cultures contained >0.61mM ALA as
determined by the Watson Schwartz test in the UCT porphyria lab, whereas
‘supernatants from un-induced cultures contained no ALA detectable in a similar
test - suggesting that little ALA synthase was present, prior to induction using
IPTG. The absence of a cell pellet on centrifugation of the IPTG-induced ALA
synthase containing cells, suggested massive cell lysis, probably a result of the
toxicity of the ALLA produced by ALA synthase. Indeed, 10uM concentrations of
ALA (>50-fold less than was measured in our cultures), was sufficient to kill both
neuronal and glial components of brain cell cultures in the chick embryo (Percy et

al, 1981).

Further work in E.coli using full length AL A synthase was consequently abandoned
in favour of work with smaller, possibly more manageable and expressible

sequences of the ALA synthase protein.

We also considered that even if successful expression of ALA synthase had been
achieved, the instability of the enzyme and its hydrophobicity, as described above

would have made purification technically difficult.
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The approach decided on, was to identify fragments of ALA synthase
corresponding to areas of the protein likely to be of low hydrophobicity and
containing a high proportion of exposed residues, by employing computer analysis
of the primary amino acid sequence. Fragments chosen, were to be sub-cloned into
a suitable expression system and hyper-expressed in E.coli, purified to

homogeneity, and used for antibody production.

3.2 Materials and Methods

Materials

The PSORT software available on the Internet was accessed via the web site
EXPASY. In addition the Profile fed neural network systems (PHD) from
Heidelberg (PHDsec for secondary structure and PHDacc for solvent accessibility)
were utilized, and accessed via the web site JPRED. Primer designer software‘ for
windows (Scientific and Educational software, version 2.0) was made use of for

designing of the AL A synthase primers.
Methods

1. Computer predictions on the hydrophobicity and other

characteristics of ALA synthase
Hydrophobicity predictions were performed based on hydrophobicity values
assigned to each amino acid by Kyle and Doolittle (1982). Windows of 15 amino
acids were chosen. The program relies on statistical calculations of local residue

interactions around the secondary structural state of the central amino acid. The
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linear weight variational model was used in which all amino acids in each window

are given equal weighting.

Instability indices (Guruprasad et al, 1990) were calculated. Calculation of an
instability index is based on statistical analysis of the amino acid sequence and
calculating the occurrence of particular dipeptides, which are noted to occur in
unstable proteins (Guruprasad et al, 1990). Glycosylated residues and intracellular
protein location were also predicted (Nakai et al, 1996; Horten and Nakai, 1996;
Horten and Nakai, 1997; Fujiwara et al, 1997).

Secondary structure and solvent accessibility were predicted using PHD software,
after a Blast search (Altschul et al, 1990) and multiple sequence alignment had
been performed (Barton et al, 1990). Multiple sequences alignments generate
additional secondary structure predictions, which inﬂuence-the final secondary
structure prediction of the protein under investigation, and thereby improves

accuracy to over 70% for individual residues.

2. Design of primers
Oligonucleotide primers were designed using Primer Design software and were
synthesized by Gentest. These primers incorporated EcoRI and BamHI sites to

facilitate sub-cloning.

3. PCR and cloning
Prof. DF Bishop (Mt Sinai School of Medicine, New York) kindly donated ALA
synthase cDNA, which had been cloned into the Hind III and the Eco RI sites of the
vector, pGEM (Promega). The vector pGEM is a circular E.coli cloning vector,
2870bp in size and contains the Ampicillin resistance gene and the prokaryotic 77

and Sp6 promoters.

The vector chosen for the expression of the amplified ALA synthase fragments was

pGEX-2T. This plasmid is commercially available from Pharmaciae, and successful
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by amino acid sequences, which are specific cleavage sites for thrombin on the
amino terminus of the chosen protein. This E.coli expression vector, pPGEX-2T, is a
plasmid, 4948 base pairs in size, containing a tac promoter, a -lactamase gene, and
the lacl? and lacZ operons. Expression of Sj26 is controlled by the tac promoter and

inducible by IPTG.

Subcloning of heterogeneous sequences, downstream of the thrombin cleavage site
is facilitated by the presence of a multiple cloning site recognized by Bam HI, Eco

RI and Sma [ restriction endonucleases.

Thrombin Cleavage Site

[Leu val Arg Gly serl
CTG GTT CGT GGA TCC CGG GGA ATT CAT

|Bqu '.S)rr(ll |I Eco Rl

B-lactamase

Fig 3.2.1 Structure of the pGEX-2T vector

Advantages of this system include the relative ease of fusion protein purification

using a glutathione (GSH) affinity column, which relies on the affinity of
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glutathione (GSH) - (covalently bound to agarose beads) towards the Sj GST. The
purified fusion protein is then eluted from the column by the addition of 5 to 10
mM GSH. The §j GST can be released from the foreign protein at.the thrombin

cleavage site, using thrombin.

Additional advantages stem from the fact that‘many GST fusion proteins remain
soluble, in contrast to non-fused heterologous proteins expressed in E.coli, the latter
being often denatured and consequently insoluble. Fusion proteins can usually be
purified under non-denaturing conditions thus keeping the secondary structure and

antigenicity intact (Smith & Johnson, 1988).

Although the §j GST can be released, this is not absolutely necessary as the GST is
small relative to other carrier proteins (e.g. -galactosidase, protein A, and maltose
binding protein). Immunological problems of non-specific antibody binding,
typically associated with antibodies produced to protein A fusions are more likely
to be absent (Smith, 1994). Cross-reactivity between antibodies to the Schistosoma
japonicum GST and mammalian GST’s has not been reported (personal
communication, Pharmaciae technical staff). Moreover, it is reported th:at the
Schistosoma japonicum GST appears to enhance the immunogenicity of the antigen

(Pharmaciae technical bulletin, 1997).

The pGEM-ALAS plasmid, obtained from Prof. DF Bishop, was amplified in the
XL1Blue strain of E.coli (see A 1.4) and re-extracted using ion-exchange
chromatography (see A 1.2). This DNA was used as the template to amplify the
four ALA synthase fragments, by PCR (see A 1.6).

The PCR products were subjected to restriction enzyme digestion, by BamHI and

EcoRI, followed by sub-cloning into the corresponding sites of pGEX-2T, as
described in A 1.3.
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The ligated pGEX-2T vectors (pGEX-2T-ALAS fragments 1 — 4) were transformed
into the XL1Blue strain of E.coli, and grown oyemight on ampicillin agar plates
(see A 1.4). Colonies from the ampicillin agéfplates were inoculated into y-broth
(a nutrient rich E.coli culture broth - see A 2) containing ampicillin at a
concentration of 100ug/ml. and allowed to grow ovemight in a 37°C shaking
incubator. These cultures were subjected to small-scale isolation (as described in

Al.1) to obtain DNA for restriction enzyme mapping.

The plasmid DNA, obtained from the minipreps, was subjected to Eco RI and Bam
HI digestion and separated using agarose gel electrophoresis (see A 1.5). Colonies
that appeared to be correct on restriction enzyme mapping were selected for

sequencing and larger scale preparations of DNA.

The ALA synthase fragments were released from the pGEX-2T constructs using
EcoRI and BamHI restriction enzymes. These were sub-cloned into the pBluescript- _
SKII vector. These constructs were used for automatic sequencing to exclude PCR

errors (see A 1.7).

4. Expression and purification of fusion proteins in E.coli

A single colony of FE.coli, transformed with pGEX-2T-ALAS-fragmentl (pFP1),
PGEX-2T-ALAS-fragment2 (pFP2), pGEX-2T-ALAS-fragment3 (pFP3), and
pGEX-2T-ALAS-fragment4 (pFP4) was picked from an ampicillin agar plate and
grown overnight in 25 ml of ampicillin yB (a rich E.coli culture broth containing
tryptone, yeast, potassium chloride and magﬁesium sulphate - see A2), in an orbital

shaker at 37°C.

This starter culture was diluted 1:20 into pre-warmed W[}, containing ampicillin at
100pg/ml and grown in an orbital shaking incubator at 37°C to an ODgy of 0.8.
Fusion proteins were expressed for 3 hours after induction of the Zac promoter by

the addition of IPTG at a concentration of 100umol/l.
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After incubation on ice for 15 minutes the cells were harvested by centrifugation at

4000g. The supernatant was discarded and the cell pellet was washed in 50 ml PBS
(phosphate buffered saline — see A2) with PMSF (0.1mM), before being stored dry
at -80°C for purification of the protein the following day.

5. Standard purification technique for §j GST (Schistosoma
japonicum GST) without fusion protein and soluble Sj GST fusion

proteins

The original method for purifying GST fusion proteins and Sj GST was described
by Smith and Johnson (1988). The cell pellets of both the E.coli transformed with
pGEX-2T and pFPl - 4 obtained as described above, were thawed on ice and
resuspended in 15 ml of PBS. The suspended cells were then disrupted by
sonication on ice. The suspension was sonicated in short pulses (of 20 secénds)
separated by cooling periods of 30 seconds to prevent over-heating of the cells.
The cell suspension was sonicated for a total sonication time of 2 to 3 minutes,
progressively becoming more translucent indicating cell disruption. Triton X-100
was added to a final concentration of 1% and the mixtures were centrifuged for 30
minutes at 12000g using a Beckman J21-C centrifuge. The supernatants were then
decanted and placed on ice, whilst the cell pellets were resuspended in 10 ml of
PBS containing 1% Triton X-100. ‘

During the initial attempts at expression and purification of FP 1 — 4 (fusion
proteins 1 ~ 4), the supernatants and pellets of the E.coli transformed with pGEXT-
2T or pGEX-2T FP 1 - 4 (pFP 1 - 4) were assayed for GST activity using the

pGEX-2T transformed E.coli as a positive control.

This extra step was indicated firstly to simultaneously screen for ability of the
fusion protein to bind to GSH (glutathione) and therefore suitability for affinity
purification and secondarily to confirm expression of the fusion protein. Moreover,

the activity assay was useful to determine the solubility of the fusion proteins — i.e.
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whether or not the expressed fusion protein was soluble and present in the

supernatant, or insoluble and associated with the cell pellet.

In the pGEX-2T-transformed control cells, which were expressing Sj GST, GST
was fully soluble (as shown in CDNB screening — see below) and thus purified by
the standard technique described by Smith and Johnson (1988). The lysate was
passed through an agarose GSH column, (pre-equilibrated with PBS) by gravity
flow. The column was subsequently washed with 30 column volumes of PBS, and
the Sj GST was eluted using 3 times 2 ml of 5 mM GSH (in PBS with 0.1mM
PMSF).

6. CDNB assays to screen for GST activity
GST activity was measured using a modification of the CDNB (1-chloro-2,4-
dinitrobenzene) assay (Mannervik and Danielson, 1998 — also see A 1.10). GST
catalyses the conjugation of CDNB to glutathione (GSH), with the resultant

conjugate displaying strong molar absorption, at 340nm.

A volume of 2.75ml KH»yPO4 (0.1M); NapHPO4 ( 0.1M); pH 6.5 — (see A2);

0.1ml of CDNB solution (30mM CDNB in 100% ethanol) and 0.15ml of reduced
GST solution (20 mM reduced GSH in water) were combined in a quartz
spectrophotometer cuvette to be used as a blank for the spectrophbtometer (ARg).
- A second quartz cuvette (ARg) was prepared containing the above-mentioned
reagents with the addition of 10 to 50ul of protein lysate - either from the
supernatant or pellet. A volurﬁe of PBS, equal to the volume of protein lysate was
added to ARp The absorbencies of both the ARp and the ARg cuveties were
simultaneously read at Aza, at 0.5-second intervals for a period of one minute. The

change in the A349 /min/ml can be calculated using the following formula:

[ARS (time2) - ARs(time 1)] = [ARg (time2) - ARB(time 1]
(time2-time1)(ml sample)

83



The change in the Asqp’s is used as a relative comparison of GST fusion protein
content between two samples, as the activity of the GST moiety is often affected by
the presence of the fusion protein, so activity may not accurately reflect the
absolute amount of fusion protein present. Moreover, the solubilization of proteins
from the cell pellets is not necessarily complete and therefore activity witnessed

might also not reflect absolute amounts of fusion protein present.

7. Purification of insoluble Sj GST fusion proteins according to

Frahgioni and Van Neel
It was noted that all the GST activity of the fusion proteins was detected in the cell
pellet, therefore a protocol applicable to the purification of insoluble fusion
proteins, described by Frangioni and Van Neel (1993), was chosen for purification

of FP 1 - 4.

This technique uses sarkosyl to solubilise the GST fusion protein from the
membrane fraction of the bacteria. Erankel et al, (1991) postulate that extremely
insoluble proteins co-aggregate with the bacterial outer membrane, during and
shortly after lysis, and that sarkosyl, in the absence of divalent cations is effective
at preventing this. Sarkosyl causes less denaturation than a variety of other

commonly used agents (e.g. 8 M urea; 6 M guanidium; SDS).

The frozen cell pellet, obtained as described above was thawed on ice, before being
resuspended in a volume of 15ml STE (150 mM Sodium; 10mM Tris HCL [pH
8.0]; SmM EDTA; 0.1mM PMSF).

Lysozyme was added to the sample to a final concentration of 100pg/ml, and the
sample was gently mixed before being incubated on ice for 15 minutes. Following
the addition of DTT to a final concentration of 5SmM, the sample was briefly
vortexed and incubated on ice for a further 10 minutes. Sarkosyl was added to a

final concentration of 1.5% and the sample was incubated on ice for 15 minutes,
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During initial Western blots, which were used to screen the immunized rabbit
serum for antibodies, primary antibody was applied to the nitrocellulose in the
following dilutions: 1:500; 1:1000; 1:2000; 1:4000; 1:8000; 1:16000. Secondary
antibody — goat anti-rabbit (Omnimed) was used at a dilution of 1: 2000.

ELISA’s were also used to verify production of antibody to FP 3 in the immunized
rabbits. ELISA's were performed as a modification of the indirect ELISA technique
described in Current Protocols in Immunology (1995) — see A 1.16.

3.3 Results and Discussion

1. Computer predicted analyses
Computer based analyses of protein characteristics and predictions, using amino
acid sequences, are of great benefit when attempting to study a protein, which has
not been previously purified. Software using sequence analysis is readily available

and continually updated and refined as more proteins are characterized (Nakai and

Kanehisa, 1992; Horton and Nakai, 1996; Horton and Nakai, 1997).
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Fig 3.3.1 A hydrophobicity plot of the ALA synthase sequence

For this analysis, windows of 15 amino acids were chosen. The linear weight
variational model was used, in which equal weighting is given to all amino acids
within a window. A red bar indicates areas of hydrophobicity of less than -0.5
units. These correspond to areas of choice for the expression of fragments in

E.coli.

The instability index of the pre-enzyme and the processed ALA synthase were
calculated to be 45.49 and 43.17 respectively — values indicative of an unstable
protein. (Proteins with an instability index of less than 40 are predicted to be stable

where as those with values of greater than 40 are predicted to be unstable).

Table 3.3.1 below lists instability indices of several other haem pathway proteins as

well as the index of cytochrome C oxidase.
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| Protein Instability index
Processed ALA synthase (ALA-S) 43.17
Hydroxymethylbilane synthase 39.60

" Uroporphyrinogen Decarboxylase | 49.88
Coproporphyrinogen Oxidase 58.15
Protoporphyrinogen Cxidase 48.71
Ferrocheletase 50.36
Cytochrome C oxidase (Chain 1) 28.97

Table 3.3.1 Instability indices of selected proteins

The half-life of the ALA synthase mitochondrial protein was estimated to be 0.8
hours in reticulocytes in vivo, (which approximates the reported halt-life of 30
minutes). The predicted half-life of the protein in yeast is 10 minutes. Only two
serine residues are predicted to be favourable for glycosylation. The localization of
the ALA synthase protein was predicted to be in the mitochondrial matrix — which

correlates with the immunoe-localization study in rats (Rohde et al, 1990)

Secondary structure predictions were performed, using multiple aligned sequences
— to improve accuracy. Furthermore, after independent predictions of o-helices and
B-sheets based only on the primary amino acid sequence, a further secondary
structure was computed giving consideration 1o potential competition between the
o-helices and (-sheets. It was desirable for sequences chosen for hyper-expression
to contain some regions where secondary structure was predicted to be linear - in
the event that the hyper-expressed protein was obtained only in the denatured form.
Peptide mapping using poly-clonal antibodies to certain proteins has shown that
many of the antibodies tormed are directed against linear peptides, rather than to
areas of o-helices or B-sheeting in the protein (Craig et al, 1998). Therefore, as it
was not known whether or not our purified fragments would be obtained in a
denatured form, some linear peptides within the chosen sequence were desirable.

Below is the predicted secondary of ALA synthase amino acid sequence.
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keskoskokok ok skokok ok **aauaaaa aa******** ke ook e sk ok ok ook ok ke sk ko skok kck
MESVVRRCPF LSRVPQAFLQ KAGKSLLFYA QNCPKMMEVG  AKPAPRALST
seosfeok skeoskoskoskokokkk *******aaa aaaaaa**** kekoskokok ko kokesk ek skok sk sk kokockok
AAVHYQQIKE TPPASEKDKT  AKAKVQQTPD GSQQSPDGTQ  LPSGHPLPAT
IR aoccaace™*  BRBacaccoo aooooooooe  ooooooot R
SQGTASKCPF LAAQMNQRGS SVFCKASLEL QEDVQEMNAV  RKEVAETSAG
**BBBPRRL* R VTV 1oV 1] cooronones ¥ * ¥ gy oororoceronone** *E38BBBBR
PSVVSVKTDG GDPSGLLKNF  QDIMQKQRPE  RVSHLLQDNL  PKSVSTFQYD
aaaaaaa*** ******BBBB Sﬁﬁ******* sk kok ok ok kok ok ook koK BBBBB&B *
RFFEKKIDEK KNDHTYRVFK TVNRRAHIFP MADDYSDSLI TKKQVSVWCS
ook kokkk Rk BRBRG o oo oo FERRERE kR oo CLOLOLOLOLCLCLOLOLOL
NDYLGMSRHP RVCGAVMDTL KQHGAGAGGT RNISGTSKFH VDLERELADL
a*****3388  BRBPRB*ucce cacocootFF BRPBFFFFRqq cooooooe**
HGKDAALLFS SCFVANDSTL FTLAKMMPGC EIYSDSGNHA SMIQGIRNSR
***BBBBaaa CLOLOLOLOLOLCLCLOLCL kkskokokok ok kok k kK ok sk ook ok ok ok ckok ****C((ICL(I(ICL
VPKYIFRHND VSHLRELLQR SDPSVPKIVA FETVHSMDGA VCPLEELCDV
aaaaﬁBBBBB % ok ok sk okok ok ckock k KRR R kR ROR Rk K oK oK OR Sk kR ok kK ok ok koK ok ok ok ok
AHEFGAITFV DEVHAVGLYG ARGGGIGDRD ~ GVMPKMDII SGTLGKAFGC
FHERERERRE coooocoooc  FPRPPREF*H* oo oot coooe ¥ * oo
VGGYIASTSS LIDTVRSYAA  GFIFTTSLPP PMLLAGALES VRILKSAEGR
COOOOOOOC0  Cosaofpp*** KX XGRRR*** BRBBBRcccte CLOLOLCLCLOLOLCLCLCY
VLRRQHQRNV KIMRQMIMDA GLPVVHCPSH  IIPVRVADAA KNTEVCDELM
ac**BRPRAA BPBRacacan  aocaa**FRE*  Frggagaoaoo  a*FFEFEBAR
SRHNIYVQAI NYLTVPRGEE LLRIAPTPHH TPQMMNYFLE NLLVTWKQVG
LELKPHSSAE CNFCRRPLHF EVMSEREKSY FSGLSKLVSA QSTP

Fig 3.3.2 Predicted secondary structure of ALA synthase The predicted
secondary structure of this sequence is indicated above the amino acid
sequence, using o for predicted a- helices and B for predicted B-sheeting, and *

for linear areas.
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Computer predictions of accessible/exposed residues were also performed using the

profile fed neural network systems software, which predicts accessible residues in

the sequence of choice, after performing multiple sequence alignments and analyses

of several ALA synthase sequences of prokaryotic and eukaryotic origins. Structure

predictions on a single amino acid sequence are reported to have a 65% chance of

being correct (for each residue) (Frishman and Argos, 1996). When structure

predictions are performed following multiple sequence alignments and following

calculations on the individual structure of each sequence, it is claimed that the

predictions have a better than 70 % chance of being accurate (Rost et al, 1993,

Rost et al, 1994a; Rost et al, 1994b). In the figure below, the results of this

computer based analysis is shown.

MESVVRRCPF LSRVPQAFLQ KAGKSLLFYA QNCPKMMEVG
AKPAPRALST AAVHYQQIKE TPPASEKDKT AKAKVQQTPD
GSQQSPDGTQ LPSGHPLPAT SQGTASKCPF LAAQMNQRGS
SVFCKASLEL QEDVQEMNAV RKEVAETSAG PSVVSVKTDG
GDPSGLLKNF QDIMQKQRPE RVSHLLQDNL PKSVSTFQYD
RFFEKKIDEK KNDHTYRVFK TVNRRAHIFP MADDYSDSLI
TKKQVSVWCS NDYLGMSRHP RVCGAVMDTL KQHGAGAGGT
RNISGTSKFH VDLERELADL HGKDAALLFS SCFVANDSTL
FTLAKMMPGC EIYSDSGNHA SMIQGIRNSR VPKYIFRHND
VSHLRELLQR SDPSVPKIVA FETVHSMDGA VCPLEELCDV
AHEFGAITFV DEVHAVGLYG ARGGGIGDRD GVMPKMDII
SGTLGKAFGC VGGYIASTSS LIDTVRSYAA GFIFTTSLPP
PMLLAGALES VRILKSAEGR VLRRQHQRNV KLMRQMLMDA
GLPVVHCPSH IIPVRVADAA KNTEVCDELM SRHNIYVQAI
NYLTVPRGEE LLRIAPTPHH TPQMMNYFLE NLLVTWKQVG
LELKPHSSAE CNFCRRPLHF EVMSEREKSY FSGLSKLVSA
QSTP

Fig 3.3.3 Sequence of ALA synthase showing predicted accessible
residues. The ALA synthase amino acid sequence is represented in 1
letter form, indicating amino acids that are likely to be exposed(X) and
those that are not, indicated either in black (X) or blue (X) and predicted to
be submerged or not defined residues, respectively.
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2. ALA synthase fragments chosen for expression in E.coli
Fragments for expression in FE.coli were chosen after the above mentioned
computer based analysis of the ALA synthase gene and its deduced amino acid
sequence. The choice of fragments was primarily influenced by the results of the
computer based analysis, but other factors determining the final selection of the
fragments wére suitability for design of primers for PCR and the occurrence of Bam

HI restriction enzyme sequences within the ALA synthase gene sequence.

The first segment chosen was 55 amino acids in length and corresponds to the pre-
sequence of the enzyme. Despite this part of the ALA synthase sequence being
non-optional in terms of hydrophilicity, the pre-sequence was chosen for generation
of antibodies to facilitate future studies comparing amounts of pre-enzyme and
processed enzyme produced. As so little is known about the processing of ALA
synthase and the regulation thereof, it is probable th‘at the additional information
obtained from these antibodies would be interesting and relevant to future studies

involving the regulation of ALA synthase.

The second fragment chosen corresponds to an area proximal to the N-terminus of
the mature protein, and is 66 amino acids in length. A large proportion of this
region was predicted on the Kyle and Doolittle (1990) hydrophobicity scale to have
hydrophobicity values of between —0.5 and —2.0 units. This area corresponds to one
of the least hydrophobic regions of ALLA synthase. Moreover over 50% of the

residues in this region of the protein are predicted to be exposed residues.

The third fragment was chosen from a central area in the protein and is 295 amino
acids long. Hydrophilic areas are present at the beginning and end of this fragment.
Although the centre of the fragment contains several hydrophobic residues and
peptides predicted to be in o-helical and B-sheet conformation, the initial and
terminal thirds contain predominantly peptides predicted to be in linear

conformation. At 295 amino acids, this fragment is somewhat longer than the
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others. We wished to include a longer fragment - so while hydrophobic and
secondary structure conditions appeared slightly less favourable than perhaps with
the shorter fragments, more epitopes are available for polyclonal antibody

production.

The last fragment was 116 amino acids long and is close to the carboxy-terminus
of the protein. This area of the protein was reasonably hydrophilic — with

hydrophobicity predictions reaching —1.0 at the beginning of the fragment.

Below, the amino acid sequence of ALA synthase with the 4 fragments, which were
chosen for hyper-expression in E.coli and for subsequent antibody production,

shown in colour.

MESVVRRCPFLSRVPQAFLQKAGKSLLFYAQNCPKMMEVGAKPAPRALSTAAVHYQQI
KETPPASEKDKTAKAKVQQTPDGSQQSPDGTQLPSGHPLPATSQGTASKCPFLAAQM
NQRGSSVFCKASLELQEDVQEMNAVRKEVAETSAGPSVVSVKTDGGDPSGLLKNFQD
IMQKQRPERVSHLLQDNLPKSVSTFQYDRFFEKKIDEKKNDHTYRVFKTVNRRAHIFPM
ADDYSDSLITKKQVSVWCSNDYLGMSRHPRVCGAVMDTLKQHGAGAGGTRNISGTSK
FHVDLERELADLHGKDAALLFSSCFVANDSTLFTLAKMMPGCEIYSDSGNHASMIQGIR
NSRVPKYIFRHNDVSHLRELLQRSDPSVPKIVAFETVHSMDGAVCPLEELCDVAHEFGA
ITFVDEVHAVGLYGARGGGIGDRDGVMPKMDIISGTLGKAFGCVGGYIASTSSLIDTVRS
YAAGFIFTTSLPPMLLAGALESVRILKSAEGRVLRRQHQRNVKLMRQMLMDAGLPVVH
CPSHIIPVRVADAAKNTEVCDELMSRHNIYVQAINYLTVPRGEELLRIAPTPHHTPQMMN
YFLENLLVTWKQVGLELKPHSSAECNFCRRPLHFEVMSEREKSYFSGLSKLVSAQ*

Fig. 3.3.4 Amino acid sequence of ALA synthase displaying the fragments
chosen for expression and purification in E.coli. The 4 ALA synthase
fragments are indicated in colour as shown in this legend. Fragment 1 - l ;
fragment 2 I ; fragment 3 - [Jand fragment 4 - I
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3. PCR and cloning

The primers use for amplification of the ALA synthase fragments are shown below.

Nucleotide | Amino acid Forward primer Reverse primer
residues residues
1 | 1-167 1-56 TGAGGATCCATGGAGAGTGTTGTTC ATGGAATTCCTGGTAGTGTACTGCT
| 2. 236 - 435 78 - 145 CTGATGGATCCCAGCAGAGTCCA GAGGAATTCCAGCAACCTCTTTCCT
3 534 — 1435 178 - 478 ATGGGATCCCCAGAAAGAGTGTC CTGGAATTCGAGAGGTGGTGAAG
4 1527 —1875 509 - 625 CTAGGATCCCTCCATGAGACAGAT CTGGAATTCTCTCTCTTTCACTCATC

Table 3.3.2 The primers for amplification of the ALA synthase fragments

The red and blue shaded nucleotides represent the Bam H/ and Eco R

restriction enzyme sites respectively.

All four fragments of ALA synthase were amplified using the primers designed and

products corresponding to the expected sizes of 179 bp, 199 bp, 865 bp and 349 bp

were obtained. An agarose gel showing all 4 PCR products is shown in Fig 3.3.5.
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Fig 3.3.5 PCR ampilification of the 4 fragments of the ALA synthase gene
The four PCR products were electrophoresed on a 2% agarose gel and stained
with ethidium bromide. Lane 1 corresponds to a DNA low molecular weight
marker. The molecular weights of the marker bands are indicated on the left of
the agarose gel. Fragments 1 to 4 are shown in lanes 2 to 5, respectively.

To minimise the problems of ALA synthase instability and hydrophobicity the
fragments of ALA synthase were to be expressed as Schistosoma japonicum

glutathione transferase (GST) fusion proteins.

Each PCR products was ligated into pGEX-2T. An electrophoresis of the Bam HI
and Eco Rl restriction enzyme digestions of plasmid preparations obtained is shown
in Fig 3.3.6. The ALA synthase PCR products were sequenced using automated
sequencing, and no Taq DNA polymerase errors were detected. The results of the

automated sequencing are shown in A 4.
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Fig 3.3.6 The purified plasmid preparations pFP1; pFP2; pFP3; pFP4
subjected to a Bam HI and Eco RI restriction enzyme analysis. The
products of this restriction enzyme digestion have been electrophoresed on
a 2% agarose gel and stained with ethidium bromide. Lane 1 corresponds
to molecular weight markers. The molecular weights of the marker bands
are indicated on the left of the agarose gel. Lanes 2 to 5, correspond to the
restriction enzyme digest of pFP1 to pFP4, respectively. The lane 6
contains undigested pGEX-2T.

4. Expression and purification of fusion proteins in E.coli
The fusion proteins from all 4 fragments were expressed in E.coli. These were
purified using affinity chromatography. The predicted size of Sj GST is 28kDa,
while the predicted sizes of FP 1-4 are 35kDa, 35 kDa, 57kDa and 40kDa

respectively.

Despite expressing ALA synthase as a fusion protein with Sj GST, the ALA
synthase fusion proteins were insoluble and associated with the cell pellet and were

unsuitable for the purification procedure described by Smith and Johnson (1998).
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We therefore had to modify the purification procedure, using a method specifically
designed for insoluble GST fusion proteins, described by Frangioni and van Neel
(1993).

All of the purified ALAS fusion proteins, except that of fragment one, were smaller
than expected size. The fusion proteins 2 and 4 (FP2 and FP4) were virtually the
same size as the S§f GST.

The purified fragment 3-fusion protein appeared as 3 bands — the biggest band

being about 40kDa in size (compared to the expected size of 57kDa), which
corresponded to an ALA synthase fragment of about 12kDa (see Fig 3.3.7 below).

A B

P . 80 kDa 7 kD
67 kDa | 67 kDa
el & f
il "M s L 5
50.2 kDa - 43kDapu

e 30 kDa| ‘
1 2
1 2

Fig 3.3.7 The purified fusion proteins 1 to 4

50.2 kDa 43 kDa \

30 kDa
342 kDa

These were electrophoresed on 10 % SDS PAGE gels and stained using
Coumassie blue. The first lanes of all the panels are SDS-PAGE molecular
weight markers. The sizes of the molecular weight markers are indicated to the
left of each gel. Lane 2 of all the SDS-PAGE gels “A” to “D” correspond to the
purified fusion proteins FP1 to FP4 respectively.
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Initially the problem was thought to be one of degradation. However the use of
. protease inhibitors, PMSF, leupeptin, pepstatin and EDTA did not increase the size
of the fusion proteins. We queried whether this might be due to degradation taking
place prior to lysis of the E.coli. Therefore growth and induction of the fusion
proteins was attempted in the BL21 strain of E.coli (a protease deficient strain
obtained from Pharmacia) using a variety of growing conditions, including low
temperatures and short IPTG induction times, but this did not improve the

attenuated protein size.

While the problem appeared to be one of degradation, is possible that it could have

been another problem - perhaps one of transcription or translation.

Difficulty in expression of mitochondrial proteins in E.coli has been well described
(Ferreira and Pederson, 1992). Ferreira and Pederson studied the éxpression of the
liver mitochondrial phosphate transporter (H+/Pi symporter) in E.coli. Expression
was not obtained using a variety of different plasmid expression systems, or by
attempting to produce the protein as a fusion with the usually successfully
expressed either the alpha or beta ATP synthase subunits. Successful expression
was obtained only once the carboxy-terminus was truncated and the gene fused to a

- cDNA fragment derived from the ATP synthase alpha subunit gene.

Further experiments demonstrated that the molecular basis for E. Coli's inability to
express the complete liver H+/Pi transporter was not related to transcriptional
problems, or cellular toxicity. In vitro transcription-translation assays revealed that
the problem with expression of full-length H+/Pi symporter was due to translational
problems — associated with prokaryotic ribosomes. When eukaryotic ribosomes

were present, full-length H+/Pi symporter was expressed.
We therefore concluded that this (rather than degradation) might be a cause of the

production of truncated ALLA synthase fusion proteins, but as no in vitro

transcriptioﬁ-translation assays were performed, we were unable to verify this.

101



Moreover it is possible that the truncated purified fusion proteins could be as a

result of both degradation and translation problems.

5. Western blotting
Western blots were performed to verify that the purified proteins eluted from the
columns were indeed Schistosoma japonicum GST fusion proteins. Using a
polyclonal rabbit anti-Schistosoma japonicum GST antibody at a dilution of 1:
1000, bands corresponding in size to the purified fusion proteins were visualized on

the Western Blot.

50.2 kDa

34.2 kDa
-

281kDa _ ; - — -

Fig 3.3.8 Western blots performed using anti Schistosoma japonicum GST
antibodies. In lanes 1 and 2 FP 3(fusion protein 3 —i.e. fragment 3) is present.
Lane 3 contains FP 2(fusion protein 2), lane 4 contains FP 4(fusion protein 4),
lane 5 contains FP 1(fusion protein 1) and lane 6 contains Sj GST.
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6. Production of antibodies to ALA synthase fragment 3
We were unable to obtain Thrombin cleavage of FP1 or FP3 under standard
conditions (enzyme to substrate concentration of 10u/mg fusion protein, room
temperature and a time period of 22 hours.) This may be related to the folding of
the fusion protein obscuring the thrombin cleavage site, or to denaturation of the

thrombin in detergent.

When the thrombin digest was allowed to proceed at 37°C for a period of 24 hours
complete degradation of the AL A synthase fragment occurred. We therefore elected

to make use of the whole fusion protein for antibody production.

As yield of the FP1 were low, and the fragment small in relation to the size of the Sj
GST, we decided to concentrate efforts in obtaining antibodies to FP3, the fusion
protein that contained an ALA synthase fragment 12 kDa in size. FP3 was
considered liable to contain enough AILA synthase epitopes for successful

polyclonal protein production in rabbits.
Bulk purifications of FP 3 were prepared and this was used to inoculate rabbits.
Ten immunizations were performed. Maximum antibody titres against FP3 were

obtained after the 9 and 10® immunizations.

Positive reactions were obtained at dilutions of 1:25600 and 1:1600 when tested

with ELISA’s and Western blotting, respectively. (See Fig 3.3.9 and 3.3.10).
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—&—sample
—l—non-immune
no protein

Fig 3.3.9 Elisa performed to test antisera from a rabbit immunized with FP 3
Two background signal controls were included - the “non-immune” (using non-
immunized rabbit serum) and “no protein” (in which the ELISA wells were not
coated with protein). The Y-axis represents the absorbency readings (OD 540)

obtained on the ELISA microtitre plate reader. The X-axis represents the serum

dilutions.

Figure 3.3.10 displays Western blots of FP 3, using serum from a rabbit previously

immunized with FP3, and “non-immune” rabbit serum.
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1:2000 M 1:4000 M 1. 8000 M 1:16000 M  1:2000 (-C) M

/

Fig 3.3.10 Western blotting of purified FP 3

Panels A to D show Western blots performed using immunized rabbit sera at
dilutions of 1:200, 1:4000, 1:8000 and 1:16000 respectively. Panel E was
performed using non-immune rabbit serum at a dilution of 1:2000. The lanes

marked M contain a pre-stained molecular weight marker of 30 kDa.

Summary

Research is being hampered due to the small quantities and highly hydrophobic
nature of the mitochondrial matrix enzyme, ALA synthase. Murine erythroid ALA
synthase is currently the only form of ALA synthase to be successfully hyper-

expressed in E.coli.
In this work, secondary structure analysis was performed on the human, hepatic

ALA synthase amino acid sequence. Fragments predicted to be less hydrophobic,

and containing a high proportion of exposed residues were selected for hyper-
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expression in E.coli. These fragments were sub-cloned into the E.coli expression
- vector, pGEX-2T, which expresses foreign proteins as Schistosoma japonicum
fusion proteins. A 12-kDa fragment of human hepatic ALA synthase was
successfully expressed in E.coli, as a fusion protein, and purified to homogeneity.
Rabbits were inoculated with the purified fusion protein, and antibodies were raised
to the fusion protein. The fusion protein proved-to be highly immunogenic in

rabbits, with antibodies positive to a titre of 1:25600 (using ELISA).

The next two chapters involve the detailed characterization of the antibody.
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Chapter Four

Characterisation of the Antibody Produced
to the GST-Fragment 3 Fusion Protein

4.1. introduction

Our decision to proceed with immunization of rabbits with the entire fusion protein
complex was based on two considerations: We were unable to separate the
Schistosoma GST from the fragment 3 using thrombin. Secondly, Smith et al
(1986) reported that despite a 42% homology between the Schistosoma Jjaponicum
(Sj) GST and Rat Ybl isozyme (which is most similar to the human uGST
isozyme), no immunological cross-reactivity had been observed between the S§j
GST and any rat isozymes. Furthermore, according to the manufacturers of the Sj
GST fusion protein (Pharmacia) there is no immunological cross—feactivity between
Sj)GST and human GST - although they were unable to produce any evidence for

this observation.

Extensive literature reviews did not mention any potential for cross-reactivity, but
as the antibody was to be used for immuno-cytochemical studies in humans it was
important to prove that there was not immunological cross-reactivity with human
GST - particularly UGST and that antibodies were present to the ALA synthase

portion of the fragment.
In order to show cross-reactivity to ALA synthase we needed to generate a control
with full-length processed ALA synthase, without Schistosoma GST being present.

Because of the problems we experienced trying to express full length ALA

synthase in E.Coli, we decided to express ALA synthase in a eukaryotic system.

Neal et al 1997 were able to show that ALLA accumulation in CHO (Chinese
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hamster ovary) cell culture resulted in inhibition of colony formation and decreased
cell survival. To minimize toxicity as a result of ALLA formation, the mitochondrial-
directing region would be removed, hopefully preventing import into the
mitochondria and hence preventing substrate access, but still allowing the mature

enzyme to be expressed.

Immunocytochemical studies could then be performed on the transfected cells to
confirm cross-reactivity with AL A synthase. When COS cells were tested for
immunological reactivity with FP3 none was visible, so this was chosen as a
suitable eukaryotic system for transfection experiments involving human ALA

synthase.

4.2 Materials and Methods

Materials

Primer designer software for windows (Scientific and Educational software version

2.0) was made use of for designing of the AL A synthase primers.

Human liver was obtained from 2 male cadavers in their early thirties. Ethics
comumittee approval for removal of liver tissue was obtained. Both victims died
instantly after being shot and a specimen of liver was obtained within 12 hours of

death. The tissue was stored at ~80 °C until required.

Methods

1. Cytosolic preparation of human liver
Preparation of cytosol (and subsequent purification) took place at 4°C. The liver
was cut into small pieces and placed in homogenization buffer (see A2) to make a

30% weight/volume homogenate.
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Initial homogenization was performed using an Ultra-turrex homogenizer (Janke
and Kunkel, Germany), using 20 second bursts of homogenization, followed by 20
seconds of incubation on ice. Final homogenization was performed using a

motorized Potter-Elveheim glass-teflon homogenizer.

The homogenate was centrifuged in a bucket handle rotor at 24 000g for a period of
1 hour in a Beckman J21-C centrifuge. The supemnatant layer was removed and re-

centrifuged at 100 000g for 2 hours in a Beckman L8-70M ultracentrifuge, and
subsequently filtered through a 0.22pum Millipore filter.

The cytosol so obtained was tested for the presence of 1-GST using double

immunodiffusion.

2. Double immunodiffusion to test for the presence of human UGST
This was performed according to the method described by Ouchterlony (1958). The
detailed method is available in A 1.19. Antiserum to human uGST  (kindly
produced by Ann Corrigall, in rabbits) was used to test for the presence of tGST in

the liver cytosol obtained.

Agar plates were made as described in A1.19. Four mm holes were punched into

the agar in a rosette pattern (namely 6 holes surrounding a central hole).

In 2 of the rosettes, 10 pl of antiserum to HGST was pipetted into the central well,
while in the peripheral wells of each rosette, either 10 pl of cytosol from liver “A”

or liver “B” was pipetted in doubling dilutions.
In a further 2 of rosettes 10ul of cytosol preparation from either liver “A” or “B”

was pipetted into the central well ~ in one of the rosettes, cytosol from liver “A”

was used, while in the other rosette, cytosol from liver"B"was used with 10 pl of
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antiserum to UGST being pipetted into the peripheral wells in doubling dilutions.

Diffusion between cytosol and antiserum was allowed to take place for 48 hours as
described in A 1.19. The plates were washed in normal saline for 72 hours to
remove unprecipitated protein, followed by a 4-hour wash in double distilled water,
before being stained for 2 hours in amido-black. The gels were then destained using

5% acetic acid.

3. Human GST purification |
These were purified using a hexyl-GSH affinity column according to the method
described by Guthenberg and Mannervik (1979). The principle is similar to that
used in the purification of the Sj GST fusion proteins — relying on the affinity of the
GST for the glutathione for binding to the column followed by elution using an

excess of glutathione.

A volume’ of 10ml hexyl-GSH sepharose was used per 50ml of cytosol. The
column was equilibrated with equilibration buffer as described in A2. Cytosol was
applied to the column at a flow rate of 17,5ml/hour. The column was washed
overnight with equilibration buffer, until the ODsggnm of the eluant was identical to

that of the equilibration buffer.

The column was subsequently washed with equilibration buffer containing 0.2M
NaCl to remove non-specifically bound proteins, after which the GST mixture was’
eluted using 5 mm Hexyl-GSH Solution (described in A2). The detailed method is
seen in A 1.20.

4. Western blots
These were performed according to the method described by Towbin (1979) as
described in detail in A1.13 and in Chapter 3.

For both blots, the human GST mixture and purified FP 3 were run on a gel as
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described in A 1.12. The initial blot used the antibody to human p GST at a
concentration of 1:2000 as primary antibody, while in the next blot the primary

antibody used was that generated to FP3, at a concentration of 1:2000.

5. Construction of the His-ALA-synthase-EGFP and cloning strategies
As described in chapter 3, full-length human hepatic ALA synthase cDNA was
obtained from Prof. DF Bishop, Mt Sinai, New York. This was provided as an
insert sub-cloned into the Hind III and Eco RI sites of the pGEM vector and
referred to as pGEM-ALA synthase (pGEM-ALAS).

The vector chosen for eukaryotic expression of ALA synthase was the eukaryotic
expression vector, pEGFP-N1. This 4651 bp circular vector was obtained from
Clontek and expresses proteins as amino terminal fusion protein with EGFP
(Enhanced Green Florescent Protein). EGFP is a red shifted variant of the protein
GFP, which fluoresces when excited by light at wavelength 488nm, and emits light

at a wavelength of 507 nm.

One is thus able to screen colonies for successful expression of protein, using a
fluorescent microscope, set at 488nm, and cells expressing the EGFP fusion are

visible as green fluorescing cells.

For propagation of the vector in E.coli, the vector contains a pUC-19 derived origin
of replication and a kanamycin/neomycin resistance cassette, allowing selection,
using kanamycin. For eukaryotic cell expression, a CMV early promoter and SV 40
polyadenylation signal is present. The neomycin (kanamycin) resistance cassette
contains the SV40 early promoter and Herpes Simplex thymidine kinase, which
allows selection of stably transfected cells using G418 (an antibiotic similar to
neomycin, which is toxic to COS cells in the absence of the neomycin resistance

cassette).
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GCTAGCGCTACCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCTGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGGTCGCCACCATG

Nhel  Ecod71ll Bgl 1l Xhol Hind Il  EcoRl Pstl Sall Kpn [ Sac {IAPa l/Sma [/Bam HI ~ Age | EGFP
Sac I Acel Asn71Bl Bsn20/xma | >
MCS

SV40 polyA

/

Not [

CMV IE

PSV40 ori

Kan'/Neo'

Fig 4.2.1 The structure of pEGFP. CMV IE refers to the intermediate early
promoter of CMV. The multiple cloning site (MCS) of pEGFP is illustrated and
genes cloned into this area are expressed as fusions to the amino terminus of

EGFP as there is no intervening stop codon.
To attempt to decrease the potential toxicity of active ALA synthase, the

mitochondrial directing region was removed, in the hope that the enzyme would not

be imported into the mitochondrium, and would therefore not have the substrate
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1997 and chapter 2 page 71), the mitochondrial directing region was removed, in
the hope that the enzyme would not be imported into the mitochondrion, and would

therefore not have the substrate access necessary to produce ALA.

Furthermore we decided to introduce a histidine tag at the amino terminus of ALA
synthase. If expression in eukaryotic cells was highly successful we wished to
attempt purification and further characterization of ALA synthase, and a histidine

tag would be a useful tool for purification using a Nickel column.

Primers were designed, using Primer Design software, corresponding to the first
400bp of ALA synthase. The forward primer contained the sequence for an 8 amino
acid histidine tag, together with the sequence for the Eco RI restriction enzyme, to

facilitate cloning.

The sequences of the forward and reverse primers are as follows:

Position Sequence
Forward 151 5-GCCGAATTCATGCATCACCACCACCAT
Primer 'CACCATCAC-GCAGCAGTACACTACCAA-3'
Reverse 511 5-GGAAGTTCTTCAGCAGTCCA-3’
Primer

Table 4.2.1 Primers for amplification of the ALA synthase fragment. Thev
red shaded nucleotides represent the Bam Hi restriction enzyme site.

The figure below describes how the pEGFP-ALA synthase construct was produced.
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access necessary to produce ALA.

Furthermore we decided to introduce a histidine tag at the amino terminus of ALA
synthase. If expression in eukaryotic cells was highly successful we wished to
attempt purification and further characterization of ALA synthase, and a histidine

tag would be a useful tool for purification using a Nicket column.

Primers were designed, using Primer Design software, corresponding to the furst
400bp of ALA synthase. The forward primer contained the sequence for an 8 amino
acid histidine tag, together with the sequence for the Eco Rf restriction enzyme, to

facilitate cloning.

The sequences of the forward and reverse primers are as follows:

Position | Sequence

|

Forward 151 5-GCCGAATTCATGCATCACCACCACCAT
Primer CACCATCAC-GCAGCAGTACACTACCAA-3'
' Reverse 511 5 GRALGTTCTTICAGCAGTCCAD

Primer

Table 4.2.1 Primers for amplification of the ALA synthase fragment. The

red shaded nuclectides represent the Bam HI restriction enzyme site.

PGEM-ALA synthase was used as the template for the PCR reaction. PCR was
performed according to the method described in A 1.6. The annealing temperature
used was 52°C. The amplified product was 410 bp in length and contained a unique
Bsml site at position 417 bp, which was employed in creating the new construct.
This fragment was subjected to RE Digestion, first with EcoR/, then followed by
Bsml as described in A1.3. This yielded a DNA fragment 266 bp in size.



The pGEM-ALA synthase construct was subjected to restriction enzyme digestion

with Bsml and EcoRI, yielding a fragment 1678 bp in size.

These digested fragments of ALA synthase were resolved on a 1.5 % agarose gel,
run at 80V (see A 1.5). The appropriate band were then excised from the gel and
purified using a DNA extraction kit (Biorad). The purified DNA was then
resuspended in water and an aliquot of this DNA was run on a gel to check the

quantity.

These fragmcnfs were sub-cloned into a suitable cloning vector - pBluescript-SK to
facilitate sequencing. PBluescript is a high copy number, E.coli phagemid, 2961 bp
in size and is supplied by Strategene. It was initially derived from pUC19, and

contains the lacZ transcription gene, and 73 and 77 promoters.

PBluescript-SK was subjected to restriction enzyme digestion with EcoRI. This was
followed by treatment with Alkaline Phosphatase as described in A 1.3 to prevent

re-annealing of the pBluescript DNA.

The 266 bp and 1678 bp fragments of ALA synthase were together ligated into
pBluescript at a ratio of 2:1 (insert to vector) as described in A1.3. The ligation
mixture was transformed into the E.coli strain, XI.-1 Blue, which had been

rendered competent by the RbCI2 method described in A 1.4.

These were plated for selection on 100ug/ml yB-agar plates (A2). Viable colonies
were selected and grown up in 5 ml of yB, for small-scale isolation of plasmid
DNA (see Al.1). Restriction enzyme digestion and subsequent agarose gel
electrophoresis was performed to verify correct insertion of the ALA synthase

cDNA.

Following appropriate culture and large-scale isolation of DNA (A 1.2), the
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modified ALA synthase was sequenced by automated scquencihg using primers

designed to the 73 and 77 promoters, in order to exclude any errors in the sequence.

PEGFP-ALA synthase was constructed as follows: The ALA synthase-pBluescript
construct was digested with Srul. A unique St site is present in the ALA synthase
sequence, close to the stop codon. This was followed by restriction enzyme
digestion using EcoRI to release the 5' end of the ALA synthase sequence, from
pBluescript. This 1944 bp fragment was resolved on a 1% agarose gel (see A 1.5)

followed by purification of the DNA from the gel using a Biorad — kit.

PEGFP was subjected to RE digestion using EcoRI and Smal - both are unique
restriction enzyme sites present in the multiple cloning site of pEGFP. This DNA
was cleaned using a DNA Clean-up Kit, obtained from Roche Molecular

Biologicals, used according to manufacturer’s instructions.

The pEGFP and the his-ALLAS were ligated at a ration of 2:1 (insert to vector) as
described in A 1.3. As previously described, the ligation mixture was transformed
into competent XL.1-Blue and plated for selection on kanamycin-yf} plates (see
A2). Viable colonies were grown in Wybroth and DNA was isolated as described in
Al.l. DNA from these colonies was subjected to RE digestion and the products

were resolved on agarose gel to confirm identity of the clones.
The cloning strategy is presented in schematic form in Fig. 4.2.2 below.

Bulk DNA preparations (g quantities) of a correct clone were processed according

to the method described in A 1.2, for use with COS cell transfections.
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Fig 4.2.2. The cloning strategy for sub-cloning the processed ALA
synthase into the Eukaryotic expression vector, pEGFP, is illustrated in
schematic form.
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6. COS cell transfections with DEAE-DEXTRAN

COS cells were grown as described in A 1.17 and transfected using DEAE Dextran
(see A 1.18).

Briefly, COS cells were plated onto 2 chambered microscope slides that had been
treated with Poly-L-Lysine. After overnight incubation at 37 °C and 5% CO2, the
cells were incubated in the DEAE dextran with DNA (3mg DEAE dextran and 2.5
rg DNA per well).

Sample slides included either pEGFP DNA or ALAS-EGFP DNA in the DEAE
dextran, while negative controls contained no DNA. After 4 to 5 hours of
incubation with DEAE dextran, the COS cells were subjected to a 1 hour
chloréquine shock, followed by a 2 minute DMSO shock.

The cells were incubated in DMEM/FCS (as described in A 1.18) overnight at
37°C. The following morning the cells were incubated at room temperature for 4

hours to increase fluorescence of the EGF protein.

These cells were fixed by incubation of the slide in 100% methanol for a period of
5 minutes followed by air-drying for 30 minutes. After the chambered apparatus
was removed from the microscope slides, they were cover-slipped using the water-

soluble mounting medium, glycergel.

7. Visualization of EGFP using fluorescent microscope
The fluorescent microscope was set as for visualizing FITC labelled proteins. The
excitation wave-length of the microscope was 480 nm - close enough to the

excitation maximum for EGFP (488nm).

Cells that were expressing EGF protein would fluoresce green under microscopy.
Non-transfected cells were included in this experiment as a negative control to

exclude auto-fluorescence.
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8. Immunocytochemistry of transfected COS cells
COS cells were transfected and treated as described above up until, and including

the methanol fixation step. Chambers of cells of a microscope slide were

transfected with pEGFP or with pEGFP-his-ALA synthase (pEGFP-his-ALAS).

A negative control experiment was performed on pEGFP and pEGFP-his-ALAS
transfected cells using non-immune rabbit serum as primary antibody. The samples
(COS cells transfected with both pEGFP and pEGFP-his-ALAS) were treated in an
identical fashion to the negative controls, instead using immune rabbit serum, from

the rabbit immunized to FP3.

Automated immunostaining was performed using the DAKO Techmate-500. All
solutions used were standardized DAKO solutions specifically for use with the
Techmate-500. After several wash steps (using DAKO wash solution) the slides
were blocked using 1:20 dilution of non-immune goat serum with DAKO antibody

diluent.

Primary antisera was applied at a dilution of 1:1000 to the cells and allowed to
incubate for 25 minutes. The secondary antibody used was biotin labeled goat anti-
rabbit. Thereafter streptavidin labeled HRP (Horse radish peroxidase) was applied.

DAB (Di-amino-benzidine) was used for visualization.

A positive result would result in brown staining of the cytoplasm of the cells.

Finally the nuclei of the cells were stained using haematoxylin.
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rabbit Inmune complex method.
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4.3 Results and discussion:

1. Double immunodiffusion to test for the presence of human uGST

Only 40% of human liver contains nGST, therefore we needed to ensure that this
was present in the cytosol of the liver that we would be using. Cytosol was
prepared from 2 human livers, designated A and B. Cytosol from liver A did not
contain pGST as is demonstrated in the double immunodiffusion below, which was

checking for precipitation of rabbit antihuman uGST.

The liver B cytosol contained uGST as demonstrated in the double
immunodiffusions shown below, and was therefore ideal to verify lack of cross-

reactivity between uGST and Schistosoma japonicum GST.

S 6 2

g 0 6

e o o . T
e e *
3
2
3

4

Fig 4.3.1 Immunodiffusion, showing in the rosettes labeled “a” and “b”,
the cross-reactivity of rabbit anti-human uGST (central well) and cytosol
from liver “B”(peripheral wells). In peripheral well “1”, neat liver cytosol from
liver ‘B" is present. In wells 2 to 6, doubling dilutions of cytosol from liver “B” is
present. In the immunodiffusions in rosettes “3" and “4”, the lack of cross-
reactivity of rabbit anti-human nGST antibody (central well) to cytosol from liver
“A” is shown.
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2. Human hepatic GST purification
GST purification was performed on cytosol from liver B using a h-GSH affinity
column as described in A 1.20. The purified product consisted of a mixture of
human GST’s, including pGST. This was tested for cross reactivity to the anti-sera

to the fusion protein as described below.

3. Western blotting
There was no immunological cross-reactivity demonstrated between human GST’s
(including uGST) and the anti-sera to FP3, using Western blotting, as is shown in
the figure below. In addition the FP3 does not cross-react with polyclonal

antibodies to pGST.
B C

- .

|

1 2 3 1 2 3 4 5 1 2 3 4 5

Fig 4.3.2 SDS polyacrylamide gel(10%) of lig 3and human GST and Western blots of
human GST and FP 3, using antibody to Shistosoma japonicum (B) and to uGST(C).
A. SDS polyacrylamide gel (10%) showing in lanes 1, 2 and 3, purified FP3,
molecular weight markers and purified human GST mixture, respectively.
B. Western blot using antibody to Shistosoma japonicum GST (SfGST). Human
GST (lanes 1 to 2), molecular weight markers (lane 3) and SjGST(lanes 4 to
5) are present. No cross reactivity to human GST'’s is visible.
C. Western blot using antibody to human uGST. SJ GST (lanes 1 to 2), human
GST(lanes 3 to 4) and molecular weight markers (lane 5) are present. The
S/GST does not immunologically react with the rabbit anti-human pGST.
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The result confirms that antibodies to Shistosoma japonicum GST do not cross-
react with antibodies to human GST’s and suggests that the anti-sera is cross-
reacting to human ALA synthase, rather than human GST. While we were
convinced that the antibody we had raised was not only directed at the GST portion
of the fusion protein it was possible that the antibody was not reacting to the ALA
synthase portion either, but to some unknown contaminant. Hence in next
experiment definitive proof is provided of the immuno-reactivity between human

hepatic ALA synthase and anti-sera to the fusion protein.

4. Construction of the His-ALA-synthase-EGFP
The Histidine tag-Bsml product was successfully amplified using PCR and a product

conforming to the expected size of 417 bp was obtained. Following restriction enzyme
digest with Eco RI and Bsm I a product conforming to the expected size of 266bp was

obtained. This is illustrated in figure 4.3.3 below.

1000 bp
750 bp

500 bp

400 bp

300 bp 266 bp

200 bp

1 2 3 4
Fig 4.3.3 PCR amplification, followed by Eco Rl and Bsm | digest of the
His-ALA S fragment electrophoresed on a 2% agarose gel and stained

with ethidium bromide. Lane 1 corresponds to a DNA molecular weight
marker. Lane 2, 3 and 4 contains Eco R/ digest of the PCR product, the
undigested PCR product, and the incomplete Bsm [/ digest of Lane 2
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respectively — the lower band corresponding to the 266 bp product used in
creation of a histidine-tagged processed ALA synthase product.

After digesting pGEM-ALA S using Bsml and EcoRI a product of 1678 bp was obtained.
This 1678 bp product and the 266bp PCR product were ligated to one another and into
the Eco RI site of pBluescript (see figure 4.3.4 below). The his-tagged processed ALA

synthase was successfully constructed and sub-cloned into P-Bluescript.

5100

4700 -
| 4500

2800
2600 - 2400

2100
2000

1700

1200 &
1100 bp

Fig 4.3.4 The purified plasmid preparation of pGEM ALA S has been
subjected to an Eco RI and Bsm | restriction enzyme digestion. The
products of the restriction enzyme digest have been electrophoresed on a 1%
agarose gel and stained with ethidium bromide. Lane 6 corresponds to the
molecular weight markers. Lane 1 contains uncut pGEM ALA synthase, lane 2
contains an Eco RI digest of pGEM ALA synthase, lane 3 a Bsm [ digest of
pGEM ALA synthase, while lanes 4 and 5 contain Bsm | and Eco R/ digestions
of pGEM ALA synthase. An arrow indicates the expected product, of 1678 bp.
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Automated sequencing using the T3 and T7 promoters revealed no errors in the ALA
synthase insert. After releasing the histidine tagged ALA synthase insert from
pBluescript, it was sub-cloned into the EcoRl and Smal sites of pEGFP. An agarose gel
showing a NotI EcoRI digest of the pEGFP -his-ALA synthase construct is shown in
figure 4.3.5.

5143
4975
4271

2023
1906

1584

1 2 3 4 5 6 7 8

Fig 4.3.5 Purified plasmid preparations of pEGFP and pEGFP-ALAS, and
Eco RI and Not ] restriction enzyme analysis of these plasmids. Products
of the plasmid purifications and restriction enzyme digestion have been
electrophoresed on a 1 % agarose gel and stained with ethidium bromide. Lane
8 corresponds to molecular weight markers. Lane 1 corresponds to uncut
pEGFP, lanes 2 to 4 correspond to uncut pEGFP-ALAS, lanes 5 to 7
correspond to Eco R/ and Not / digests of pEGFP-ALAS. The size of the bands
in lanes 5 to 7 correlate well, with the expected sizes of 3929bp and 2715 bp.

5. COS cell transfections

COS cells were transfected using DEAE dextran method. The following morning, live
cells were present — although there were only half the number of cells on the microscope
slide containing the pEGFP-his-ALAS transfected cells compared to the pEGFP
transfected cells, and the cells subjected to the transfection step, using no DNA.
Moreover the cells containing the his-ALA synthase construct died rapidly over the next
24 hours and 48 hours after transfection, so that very few live cells remained. In contrast,

48 hours after transfection the pEGFP transfected cells increased in density, suggesting
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as a positive control to establish specificity of my antibody to ALA synthase, further use
of this technique requiring bulk preparations of ALA synthase (for e.g. to characterize
ALA synthase further) would not be possible.

The transfected COS cells were to be used 24 hours after transfection for fluorescent

microscopy and immunocytochemistry.

6. Fluorescent microscopy

The cells were visualized under a fluorescent microscope. It appeared that the cells had
been successfully transfected, as seen by green fluorescence of cells transfected with the
pEGFP construct and cells transfected with the pEGFP-his-ALA Synthase construct. Fig
3.2.5 shows a photograph of transfected cells expressing pEGFP. The control cells — viz.
those subjected to the transfection proceedings, which had no DNA added did not show
any green fluorescence, thus proving that the fluorescence seen was not auto
fluorescence. Photographs showing the fluorescence in the pEGFP-ALAS transfected
COS cells can be seen in figure 4.3.6.

Fig 4.3.6: Fluorescent microscopy of COS celis transfected with pEGFP-
ALAS. A high-powered (1000X) enlargement of the COS cells, as visualized
under light 400nm wavelength. The green fluorescence indicates the presence
of EGFP. No photograph of untransfected cells visualized at 400nm light is
present, as this appeared to be a dark visual field, which could not be
photographed.
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under light 400nm wavelength. The green fluorescence indicates the presence
of EGFP. No photograph of untransfected cells visualized at 400nm light is
present, as this appeared to be a dark visual field, which could not be
photographed.
7. Immunocytochemistry
The immunocytochemistry was performed as described in the methods section. The cells
transfected with the pEGFP construct alone, showed no immunostaining, following
incubation with ALA-synthase antisera and with negative control rabbit sera. The cells
containing the pEGFP-his-ALA synthase construct showed no immunostaining with the

non-immune control sera. This can be seen in the figure below.

When immunocytochemistry was performed on the pEGFP-his-ALA synthase
transfected cells using antisera obtained from rabbits immunized with fusion fragment 3,
brown staining was visible throughout the cells — indicating that the ALA synthase
construct was recognized by antibodies to the fusion protein fragment 3.

Fig 4.3.7 Immunostaining of COS cells with non-immunized rabbit serum
visualized at 100 times magnification. COS cells transfected with pEGFP(left)

or pEGFP-his-ALAS (right) were subjected to immunocytochemistry, using non-
immune rabbit serum. No immunostaining, (visualized as brown staining of the
cytosol) is present.
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Fig 4.3.8 Immunostaining of COS cells using anti-sera to FP3 visualized at
400 times magnification. COS cells transfected with pEGFP(left) or pEGFP-
his-ALAS(right) were immunostained using antisera to FP3. The COS cells
transfected with pEGFP (left) show no immunostaining. The COS cells
transfected with pEGFP-his-ALAS (right) shows positive staining as indicated
by the brown pigment in the cytoplasm of these cells.

Thus we are satisfied that staining obtained in human tissue indicates cross-reactivity

between the ALA synthase protein and the antisera to FP3.

Summary

Having produced a polyclonal antibody to FP3 (fusion protein 3 — the Schistosoma
Jjaponicum-GST-ALA synthase fusion protein) as described in the previous chapter, we
undertook to characterise firstly in order to establish that there was no immunological
cross-reactivity between any possible Schistosoma GST antibody and human GST as this

would render the antibody unsuitable for human ALAS immunocytochemical studies.
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cross-reactivity between any possible Schistosoma GST antibody and human GST as this

would render the antibody unsuitable for human AILLAS immunocytochemical studies.

Western blotting was performed using a human GST mixture that included uGST and
showed no cross-reactivity with the antisera to the fusion protein (FP3). Furthermore

antibodies to LGST showed no cross-reactivity to the fusion protein.

Secondly, given the absence of suitable positive control system it was also important to

prove cross-reactivity of the antisera to human AILA synthase.

To prove cross-reactivity of the FP3 antibodies to ALA synthase, ALLA synthase was
transiently transfected into COS cells, using DEAE dextran. The antisera to FP3 cross-
reacted with the ALLA synthase transfected COS cells, but no cross-reactivity to non-
transfected COS cells was present, thus proving that the antisera recognized ALA

synthase.

In the next chapter, we will be performing immunocytochemistry on a variety of different

human tissues to look at the tissue distribution of ALA synthase.

129



Chapter Five

Further characterization of antibody

5.1 Introduction

Another possible cross reaction of the antibody to the 100 amino acid fragment
of human hepatic ALA synthase (F3- fragment 3), described in the previous
chapters, 1s with the erythroid isoform of ALA synthase. [n this chapter we set
out to examine this potential cross-reactivity and further, to establish whether or

not there is cross reactivity with rat hepatic ALA synthase.

There is an amino acid sequence homology of 59% between corresponding
areas in F3 and the published human erythroid ALA synthase sequence. Fig

5.1.1 illustrates this.

PERVSHLLQD NLPKSVSTFQ YDRFFEKKID EKKNDHTYRV
SGKVTHLIQN NMPG-NYVFS YDQFFRDKIM EKKQDHTYRV

FKTVNRRAHI FPMADDYSDS LITKKQVSVW CSNDYLGMSR
FKTVNRWADA YPFAQHFSEA SVASKDVSVW CSNDYLGMSR

HPRVCGAVMD = TLKQHGAGAG hepatic
HPQVLQATQE TLQRHGAGAG erythroid

Fig 5.1.1 The fragment of ALA synthase (F3) to which antibodies were
generated is aligned with the corresponding area of erythroid ALA
synthase. The homologous amino acids are shown in red. The homologous

amino acids correspond to 59% of the sequence.

The applications of the antibody would be altered should there be cross-
reactivity between the hepatic and erythroid isoforms. We considered that foetal
liver, with its erythroid precursors in the hepatic sinusoids, which are known to
have high levels of erythroid ALA synthase, could be used to check for cross

reactivity to the erythroid ALA synthase. To maximise the chances of
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immunostaining in erythroid precursor cells we decided to use multiple samples

from different stages of gestation.

Furthermore we considered that should the antibody generated to human ALA
synthase cross-react with rat ALA synthase, this could open up many new
research applications, as the ethical constraints associated with the use of human
tissue are not present. It is easier to control for diet, age, sex, xenobiotic usage
in tissue studies performed on rats, although the limitations of a rat model, as
discussed in chapter 2 are well described. The homology between rat hepatic
ALA synthase and human hepatic ALA synthase in the region to which the

antisera was generated is about 90%.

PERVSHLLQD NLPKSVSTFQ YDRFFEKKID EKKNDHTYRV
PERVSHLLQD NLPKVVSTFQ YDHFFEKKID EKKNDHTYRV

FKTVNRRAHI FPMADDYSDS LITKKQVSVW CSNDYLGMSR
FKTVNRRAQI FPMADDYTDS LITNNQVSVW SSNDYLGMSR

HPRVCGAVMD TLKQHGAGAG Human
HPRVCGAVIE TVKQHGAGAG Rat

Fig 5.1.2 The fragment of ALA synthase (F3) to which antibodies were
generated is aligned with the corresponding area of rat ALA synthase.
Residues that are different between the two species are indicated in red.
The homologous amino acids, indicated in black correspond to 90% of the

sequence.

5.2 Materials and Methods

Materials

Foetal liver was obtained from archived paraffin sections of foetal liver obtained
at time of post-mortems. Care was taken to select blocks where minimal

autolysis was present. Haematoxylin and Eosin sections showed the presence of
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erythroid precursors in the hepatic sinusoids. Liver was obtained from 8

foetuses between 14 and 25 weeks of gestation.

Rat liver was obtained from discarded rat liver at the microsurgery unit of our
Medical School. This was fixed in 10% formalin and made into a paraffin block

according to standard protocols.

Method

1. Processing of foelal liver samples and immunocytochemistry

Paraffin sections 0.4 pm in thickness were cut from paraffin blocks of foetal
human liver and mounted onto glass slides. Sample slides (which were to be
incubated in anti-sera to FP3 - fusion protein 3) as well as a negative control
slide (which were to be incubated in non-immune rabbit serum) were cut from 8

foetal liver samples.

These slides were then incubated in 4 successive baths of xylol (at foom
temperature) to remove paraffin wax from the specimens, over a period of 20
| minutes. They were then washed twice in absolute ethanol, to remove the xylol.
- This was followed by two washes in 96% ethanol, which was soluble in water.

Finally the slides were washed in distilled water.

Antigen retrieval was achieved by microwaving the slides. The slides were
placed in a plastic slide holder (DAKO) in a citrate-containing antigen retrieval
buffer (DAKO).:The microscopé slides were then microwaved on maximum
power for a period of 10 minutes. The slides were allowed to stand in the hot

citrate buffer for 20 minutes.

These slides were briefly washed in distilled water, followed by loading onto
the  DAKO Techmate 500, for  immminocytochemistry. The
immunocytochemistry technique is described in chapter 4, performed by the

Techmate 500 automated immunostainer.
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After the staining and visualization procedures are completed as outlined in 4.2,
the slides were incubated in several baths of 96% ethanol for 2 to 3 minutes,
followed by 2 absolute ethanol washes. The slides were incubated in xylol, and

mounted using Entillen (Sarchem)- a xylol soluble mounting medium.

The slides were examined under light microscopy, by an independent, blinded

histopathologist. Staining was graded as follows:

No staining — i.e. no brown hue was visible in cytoplasm
Mild staining — a faint brown blush was visible in cytoplasm.

Moderate staining — a darker brown pigment was visible in the cell cytoplasm.

BB D=

Strong staining — a dark brown pigment was visible in cell cytoplasm.

2. Processing of rat liver samples and immunocytochemistry
The method used for preparing slides and immunostaining is as described
above. Negative controls were performed using non-immune rabbit serum as
previously described and sample slides were treated in the identical fashion,

using immune rabbit serum in place of the non-immune serum.
5.3 Resuits and discussion

1. Immunocytochemistry of foetal livers

In all the negative control slides, no immunostaining was visible.

In the sample slides faint to moderate immunostaining (visible as a brown tint in
the cytosol of hepatocytes) was visible in the foetal hepatocytes, indicating that
hepatic ALA synthase was being detected. This acted as an internal positive
control. However, the very distinctive erythroid precursors, which were present

in the hepatic sinusoids did not stain for AL A synthase.

A photograph of a sample slide, as well as a negative control slide, are shown in

the figure below.
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Fig 5.3.1 Inmunostaining for ALLA synthase in foetal liver. To the left a

negative control specimen is present. On the right a sample is present,

stained with antibody to ALA synthase. This shows brown staining in the

cytoplasm of hepatocytes, indicating the presence of ALA synthase. No

staining is visible in the erythroid precursor cells, present in the hepatic

sinusoids, which are indicated by the arrow.

Details of the results of the foetal liver immunocytochemistry are presented in the

table below.
Cell Type Negative
controls Samp les
Staining No No Weak Moderate |Strong
Staining |Staining (Staining [Staining |Staining
Hepatocytes
8 1 2 5 0
Bile Ducts
8 3 5 0 0
Erythroid
Precursors 8 8 0 0 0
‘Myeloid
Precursors 8 8 0 0 0

Table 5.3.1 Immunocytochemistry resuits of all foetal liver samples

analyzed.
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We are therefore certain that the anti-sera generated to the fusion protein cross-
reacts immunologically with human hepatic ALA synthase, but not with human

erythroid ALA synthase.

2. Immunocytochemistry of rat liver
No immunostaining was detected in the negative control slides of rat liver.

Cross-reactivity between the anti-sera to human hepatic ALA synthase and to

rat ALA synthase was detected, as can be seen in the photographs in the figure
below.

Fig 5.3.2. Immunocytochemistry of rat liver, using antisera to human
ALA synthase. To the left a negative control specimen is present . To the
right a sample of rat liver was immunostained using anti-sera to FP3 as the
primary antibody. Staining is indicated by the brown colour in the cytosol of
hepatocytes.

Hence, perhaps predictably, we conclude that the anti-sera generated to the
fusion protein cross-reacts with rat hepatic ALA synthase.
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Conclusion

The antibody to human hepatic ALA synthase fragment F3 does not cross-react
with human erythroid ALA synthase, but it does cross-react with rat hepatic
ALA synthase.

Summary

The antibody to FP3 was shown to cross-react with human hepatic ALA
synthase, as shown in chapter 4. In this chapter, the antibody is further
characterized by assessing cross-reactivity to erythroid ALA synthase and rat
hepatic ALA synihase. Sequence alignment between the human hepatic ALA
synthase fragment (F3) displayed 59% and 90 % homology to the human

erythroid and rat hepatic ALA synthase amino acid sequences, respectively.

Immunocytochemistry revealed no cross-reactivity with erythroid precuréor
cells (which are known to produce high levels of erythroid ALA synthase) in
human foetal liver sinusoids, thus indicating no cross-reactivity to erythroid
ALA synthase. However there was immunological cross-reactivity of the FP3-

antibody to rat hepatic ALA synthase.
Having characterized the antibody to human hepatic ALA synthase fragment 3

we set about using this antibody to examine tissue cross-reactivity to ALA

synthase in a variety of human tissues. This is described in the next Chapter.

136



Chapter Six

Immunohistological examination of ALA
synthase in human tissue -

6.1 Introduction

As previously discussed in the literature review, little is known about the
differences in regulation of ALLA synthase in different tissues — or indeed its tissue
distribution in humans. Currently, the most informative studies of ALA synthase
tissue distribution have been from mRNA studies in rats (Srivastava et al, 1992).
This study detected ALA synthase mRNA in small amounts in numerous rat tissues
e.g. adrenal gland, heart, small intestine, brain and liver. The highest level of ALA
synthase mRNA was found in adrenal gland, testis, liver and kidney. ’

The lack of information on ALA synthase distribution in human tissue is probably
as a result of the ethical constraint associated with the use of human tissue, together
with the technical difficulty in assaying small amounts of labile mRNA, or
extremely low concentrations of ALA synthase protein. The difficulty in working

with human ALA synthase has been discussed previously in this dissertation.

As has been detailed in the previous chapters, to overcome the technical difficulties
in working with the ALA synthase protein itself (difficult to quantitatively assay,
short half life, susceptible to proteolytic breakdown), we elected to make antibodies
to ALA synthase and perform immunohistological examination of human tissues.
This should allow examination of paraffin sections of human tissue at a
microscopic level. The objectives of this section of work are therefore to examine
in which human tissues ALA synthase is present and also to identify in which
particular cells in a tissue ALA synthase could be detected, using immuno-

histochemical techniques.
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6.2 Subjects and methods

Subjects

Surgical material, in the form of paraffin blocks was obtained from the archives of
the pathology department at Groote Schuur hospital. Permission to use archived
material was obtained from the head of the Pathology Department. In addition,
tissue was obtained from 4 post-mortem examinations of previously healthy
individuals in their mid thirties, who died immediately after violent trauma, for
which ethical approval (Rec/Ref 031/99) was obtained from the UCT Ethics
committee. Due to poor availability of specimens from some organs (as we relied
on surgical removal of healthy tissue, which was difficult to obtain — and more so
in particular tissues — like testis, kidney, and ovary) as well as variable preservation
of tissue (poorly preserved tissue did not stain), surgical specimen numbers varied

from 3 to 8 for each tissue examined.

The organs studied were liver, adrenal, kidney, ovary, testis, oesophagus, stomach,
small intestine, colon, myocardium, lung, in surgical specimehs and in the post-
mortem specimens, liver, adrenal, kidney, ovary/testis, myocardium, lung, brain
and skeletal muscle. (In the post mortem specimens, autolysis in the intestinal
specimens was too severe to make immunocytochemistry of any use.) The tissue
from both the post mortems and the surgical specimens had been fixed in buffered

formalin and later embedded in paraffin wax.

Methods

The immunocytochemical technique used is that described in Chapters 4 and 5. The
diagram of the immunocytochemistry method is repeated below for the

convenience of the reader.
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Step 1: Diluted rabbit anti-
serum specific to ALA
synthase construct

Step 2: Incubation with an
excess of biotinylated
goat anti-rabbit.

Step 3: Addition of
streptavidin labelled
horseradish peroxidase
(HRP).

Step 4: (not shown) visualisation
using Di-amino-benzidine
tetrahydrochloride (DAB),

which results in a brown

staining when HRP reacts

with DAB.

Cell expressing ALA
synthase .
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Fig 6.2.1 Schematic representation of the HRP-Strepatavidin-Biotin anti-

rabbit immune complex method
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Primary antiserum was used at a dilution of 1: 500. All steps took place at room

temperature. The non-immune control serum was obtained from non-immunized

rabbits.

Optimisation of immunocytochemistry techniques
In optimising the immunocytochemistry technique the following adaptations were
investigated: ,
¢ Immunocytochemistry at 37 °C - some antibodies bind preferentially to antigen at
37 °C - however this did not enhance antibody binding with our antisera and
background staining was increased.
e When using formalin fixed and paraffin embedded tissues, some cross-linking of
antigen occurs - hence different methods of antigen retrieval were tried. A variety
of techniques have been developed to over-come this cross-linking and these have
increased the range of antibodies which can be used in formalin fixed/paraffin
embedded tissue — viz. trypsin digestion of tissue sections, pressure-cooking and
micro waving (Leong, 1993; Cattoretti et al 1994; Bankfalvi et al 1995; Cuevas et
al 1995). Depending on the antibody used, different antigen retrieval methods can
be used to optimise staining. The micro waving and pressure-cooking methods can
be applied for varying lengths of time, using a variety of solutions to immerse the
slides during the procedure - for example citrate buffer, giycine buffer, urea or a

standard saline buffer.

No immunostaining in human liver was present using FP3 antisera, when no
antigen retrieval was used. All three of the above-mentioned methods of antigen
retrieval were tried. Immunostaining was very poor, using trypsinization of the
tissues. While pressure-cooking for 2 minutes gave the strongest signal,
background was unacceptably increased, hence microwaving was chosen as the
method of antigen retrieval. The disadvantages of using microwaving as the
antigen retrieval system are that the time period is increased, and only a few

specimens at a time (a maximum of 20) can be microwaved. The standard DAKO
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citrate buffer and DAKO slide holder were used for antigen retrieval. The slides
were microwaved for 10 minutes at maximum power in a 650W microwave oven

and then allowed to stand in the warm buffer for a period of 20 minutes.

All immunostaining was performed using a DAKO Techmate®® immunostainer.
The standard DAKO buffers supplied for use with the immunostainer were used.

Less expensive, but less sensitive manual immunocytochemistry was also
attempted, using a similar HRP (Horseradish peroxidase)-secondary ahtibody, but
poor staining was achieved using this method. The low quantities of ALA synthase
present required amplification of the signal, using the DAKO kit ~ in which several
biotin molecules were bound to one secondary antibody, therefore allowing several

HRP-streptavidin molecules to bind and amplifying the signal.

Stained sections were viewed using a microscope, by three independent observers,
including one trained histopathologist (Dr. Philip Kaye) and results were averaged.
The microscope was an Olympus and images were captured using an Olympus

camera. Staining was graded as follows:

0 No staining ~ i.e. no different control sections and no brown hue was
visible in cytoplasm

1- Mild staining — a faint Brown blush was visible in cytoplasm.

2- Moderate staining - a darker brown pigment was visible in the cell
cytoplasm.

3- Strong staining — a dark brown pigment was visible in cell cytoplasm.

6.3 Results and discussion

While some non-specific background staining was present, this was to be expected

using an unpurified antibody (whole rabbit serum), and was taken into account
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during interpretation of results. Moreover, the non-specific background staining

was predominantly found in mucin containing cells.

Other control experiments performed included omission of primary antisera in the
control slides. A faint background blush of staining. was present — indicating thew
presence of endogenous tissue peroxidase. Although the automated
immunostaining incorporates a step designed to block endogenous peroxidase
reacting, some background was still visible. An additional manual blocking step —
which involved incubating the slides in 3% methanol for 20 minutes made minimal
improvement to the background staining. This is a well-described problem using

the peroxidase method of immunocytochemistry (Kuhlmann and Peschke, 1986).

I was unable to perform controls involving blocking of antibody in immune serum,
using purified antigen - FP3 (fusion protein 3), as the purified FP3 obtained was
always at concentrations too low for blocking of antibody binding (the -
concentration of purified FP3 was in Ug/ml quantities, rather than in mg/ml). As
previously discussed in chapter 3, it was not possible to concentrate FP3 using
dialysis or an Amicon fﬂter, as FP3 would adhere to the dialysis tubing, or to the

filter.

ALA synthase was demonstrable in liver, adrenal, kidney, myocardium, testis,

ovary, brain, anterior pituitary and lung.

Liver
Ten surgical specimens of liver plus four post-mortem specimens were examined,

and the results are as follows:
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Number of samples and staining intensity (n=14)
Cell Type Weak staining Moderate staining | Strong staining
Hepatocytes 2 7 B
Bile Ducts 6 0 0
Other cells 0 0 0

Table 6.3.1 Staining intensity in resected and post-mortem liver

specimens.

Fig 6.3.1.a Typical immunohistological examination of a surgical liver

specimen using antisera to ALA synthase, viewed at 100 times
magnification. On the left a negative control sample is featured, showing no
non-specific staining. The photograph on the right shows moderate to strong
staining in hepatocytes (indicated by dashed arrows) and weak staining in bile

ducts (indicated by bold arrows).
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Fig. 6.3.1.b Typical immunohistological examination of a surgical liver

specimen using antisera to ALA synthase, viewed at 200 times
magnification. On the left, a negative control sample is present. On the right,
moderate to strong staining for ALA synthase is visible in hepatocytes, with

some weak to moderate staining in the bile ducts.

The liver — the largest internal organ plays important and complex roles in
absorption of hormones, nutrients and toxins from blood, detoxification by
conjugation and oxidation (a haem dependent mechanism), deamination of excess
amino acids and urea synthesis, storage of glycogen and various vitamins,
endocrine secretion of multiple blood proteins (from albumin, lipoproteins, to
clotting proteins and growth factors). Hepatocytes are metabolically active cells,
with abundant mitochondria, and given their multiple oxidative reactions and
peroxidations (that require haem containing enzymes to catalyse these reactions ~
such as cytochrome P450’s, peroxidases and catalases) obviously create a high
haem demand. Therefore the moderate to strong staining obtained was to be

expected.

Adrenal gland

Six surgical specimens were examined. In some of the negative control specimens,
a faint blush of brown was noted in the adrenal cortex generally. This was
significantly different from staining in the samples. Adrenal medulla was only

present in 2 of the surgical specimens although it was present in all of the post-
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mortem specimens. The adrenal medulla staining appeared to be in the ganglion

cells.

Number of samples and staining intensity
(n=10)

Cell Type Weak staining | Moderate staining | Strong staining

Zona Fasiculata 1 1 2

Zona Reticularis 1 4 3

Zona Glomerulosa 2 0

Adrenal Medulla 0 6 0

(n=6)

Table 6.3.2 Staining intensity in surgical adrenal specimens.

Adrenal Medulla

Zona's Fasiculata

Zona
and Glomerulosa = Adrenal Medulla

Reticulosa

Zona
Reticulosa

Zona's Fasiculata
and Glomerulosa

r

2

Fig 6.3.2.a Adrenal gland at 40X magnification. Cortex indicated by brackets

with labels corresponding to Zona Glomerulosa, Zona Reticularis and Zona

Fasiculata. The adrenal medulla is indicated as well. The negative control

sample is on the left. Moderate staining is present in the Zona’s Glomerulosa

and Fasiculata of the adrenal cortex as well as the adrenal medulla. Strong

staining is present in the zona reticulosa.
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Fig 6.3.2.b The zona reticularis of the adrenal cortex at 200 times
magnification. The negative control is shown on the left, with the sample,
stained using antibody to ALA synthase is shown below. This sample shows a

strongly positive stain for ALA synthase

Fig 6.3.2.c Adrenal medulla at 200X magnification. The negative control is
at the left, with the sample on the right, stained using antibody to ALA synthase.
A solid arrow indicates the triangular neural ganglion cells, which stain strongly

for ALA synthase.

The adrenal cortex shows moderate to strong staining in the zona reticulosa — an
area functionally associated with the production of small amounts of sex steroids

(notably oestrogen and progesterone) as well as androgenic steroids. Some of the
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enzymes involved in the synthesis of these hormones include the haem-containing
cytochrome b5 and P450c17 (Yanase et al, 1998). The zona glomerulosa and
fasciculata, involved in production of mineralocorticoid and glucocorticoid

respectively, show variable staining for AL A synthase.

The neural ganglion cells of the adrenal medulla — which produce adrenaline and
nor-adrenaline, also stain for ALLA synthase. The biosynthesis of catecholamines
essentially involves hydroxylation, followed by decarboxylation of tyrosine — with
its associated haem requirement (Gornall et al, 1986). Moreover, metabolism of
catecholamines is determined by two enzyme systems -~ the catcholamine
orthomethyltransferase (COMT) or the monamine oxidase(MOA) systems(Gornall
et al, 1986). |

Kidney

Four surgical and four post mortem kidney samples were examined
immunohistologically. There was weak, patchy staining in the tubular cells of some
of the negative control samples. A control experiment, performed without the use
of primary antibody showed this was due to incomplete blocking of endogenous

peroxidase activity in the kidney samples.

Staining intensity and specimen number (n=8)

Cell Type Weak Staining Moderate Staining Strong Staining
PCT 2
DCT
Glomeruli 0

Table 6.3.3 Staining intensity in surgical and post mortem kidney

specimens
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Fig 6.3.3.a Staining of kidney for ALA synthase at 40 times magnification.
A control sample is present on the left. Strong staining is present in the
proximal convoluted tubules (PCT's)- indicated by a solid arrow and moderate
staining in the distal convoluted tubules (DCT's) -indicated by a broken arrow.
The glomeruli do not stain for ALA synthase (indicated by an asterisk).

Fig 6.3.3.b Histological staining of kidney for ALA synthase at 100 times
magnification. A control sample is present on the left. Strong staining is

present in the proximal convoluted tubules (indicated by a solid arrow) and
moderate staining in the distal convoluted tubules (indicated by a broken

arrow).
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The proximal convoluted tubular cells are metabolically active cells, with abundant

mitochondria and highly specialized apical and basolateral surfaces. Here water,

glucose, amino acids, sodium and phosphate are actively re-absorbed in processes

tied to a sodium-potassium adenosine-tri-phosphate (ATP)-ase. The staining for

ALA synthase seems to be explainable by the high oxidative activity.

Ovary

Six surgical ovarian samples and two post-mortem samples were examined. Owing

to the small number of samples the results of the surgical and PM samples are

presented together in one graph. Unfortunately most of the ovary samples that I was

able to obtain were post-menopausal (including one of the post mortem ovaries

examined from a woman in the mid thirties) — and these showed only staining in the

Leydig cells. Of the four pre-menopausal specimens examined, there was staining

in granulosa cells, and thecal luteal cells — cells not present in the post-menopausal

samples.
| Staining intensity and specimen
number (n=8)
Cell Type Weak Moderate | Strong
Staining Staining Staining
Leydig cells 2 3 1
Steroid cells (n=3) 1 2 0
Granulosa cells (n=3) 2 1 0
Follicular Epithelium (n=4) 4 0 0

Table 6.3.4 Staining intensity in ovary samples
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Fig 6.3.4 Typical immunohistological staining for ALA synthase in pre-
menopausal resected ovary. On the top, a photograph of a negative control
sample is present. On the bottom, a photograph of a surgical specimen of
ovary, stained for ALA synthase is present. Solid arrows indicate follicles, at
different stages of development. These show moderate staining for ALA
synthase.

The staining of steroidogenic cells in ovary could be predicted from what is known
about steroidogenesis in the ovary. These reactions involve haem-containing
cytochrome p450 enzymes as well as the haem containing microsomal epoxide
hydrolase (Hattori N et al, 2000) and are thus likely to create a demand for haem,
which is reflected in the staining patterns.
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Testis
| Three surgical and two post mortem testes were stained for ALA synthase.

Staining intensity and Specimen
number (n=5)
Cell Type Weak Moderate Strong
Stalning Staining Staining
" [Epididymis (n=2) 2 0 0
| Early Primary Spermatocytes 1 1 0
' | Late Primary Spermatocytes 2 3 0
| Late Spermatids 2 1 2
Sertoli Cells 0 0 0
Leydig Cells 4 1 0

} Table 6.3.5 Staining intensity in testis specimens

Fig 6.3.5.a Photograph of immunohistological examination of testis using
antibody to hepatic ALA synthase at 100 times magnification. On the right
a negative control slide is present. On the left, staining is visible for ALA

synthase in the late spermatids (marked with a solid arrow).
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Fig 6.3.5.b Photograph of immunohistological examination of testis using

antibody to hepatic ALA synthase at 200 times magnification. On the left a
negative control slide is present. On the right, staining is visible for ALA

synthase in the late spermatids (marked with a solid arrow).

Brain/Cerebrum
Only 4 post mortem samples were available for immunohistological examination.

In the negative control samples no staining was visible.

Staining intensity and Sample number (n=4)

Cell Type Weak staining Moderate Staining | Strong Staining
Neurones 0 0 4
Glial cells 0 0

Table 6.3.6 Staining intensity of brain using antibody to ALA synthase.

Previous work by Srivastava et al (1992) measured very little ALA synthase
mRNA in brain. However they measured ALA synthase in whole brains and given

that the supportive glial tissue outnumbers the neurones at a ratio of between 10
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and 1 and up to 100:1 it is not surprising that little ALA synthase was measured. In
the neurones staining was visible in the neuropiles as well as in the cell body. This
probably reflects the presence of mitochondria involved in energy generations for
transportation of secretory vesicles. This strong staining of neurones has
implications for theories regarding the pathogenesis of the acute attack of
porphyria, as these cells are clearly active in haem production. It would suggest that

neuronal haem deficiency, as well as neurotoxicity of ALA might well play a role

in the pathogenesis of the acute attack of porphyria.

Fig 6.3.6.a Photograph of
immunohistological examination of brain
using antibody to hepatic ALA synthase
at 200 times maghnification. On the left top
photograph, an Haematoxylin and Eosin photograph is present showing
neurones staining pink. Below, left, a negative control slide is present. To the
right, staining is visible for ALA synthase in the neurones (marked with a solid

arrow).

153



Fig 6.3.6.b A typical immunohistological examination of post mortem

brain tissue using antibodies to ALA synthase. This photograph is looking
at brain at 400 times magnification (under oil immersion). Bold arrows indicate
neurones. Note the strong staining for ALA synthase — not only in the cell body
of the neurones, but also in the dendrites and axonal processes.

Anterior pituitary

Only 2 samples of anterior pituitary, from 2 of the post mortem subjects, were
available for immunohistological examination. In the samples, strong staining was
present in some anterior pituitary cells — this probably represented a particular sub-
population of anterior pituitary cells, but without further specialized antibody tests
we are unable to say which particular cell type these are (for e.g. gonadotrophes,
lactotrophes, growth hormone producing cells). There is some evidence of
cytochrome P450 3AS being present in the growth hormone containing cells
(Murray et al 1995), which is thought to play a role in regulating growth hormone

secretion and it is possible that these cells are staining for ALA synthase.

Photographs of an anterior pituitary specimen follow, together with the negative

controls.
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Fig 6.3.7 Immunohistological examination of post-mortem anterior

pituitary specimen at 200 times magnification. Above, left a Haematoxylin
and Eosin stain is present. Below left, a negative control is present. To the right,
the sample was stained using antibodies to ALA synthase, and shows
checkerboard staining of cells.

Oesophagus
Nine resected oesophageal specimens were examined for the presence of ALA
synthase. Weak to moderate staining for ALA synthase was detected. Only two of
the specimens contained oesophageal glands and these had non-specific staining in

the mucinous glands, so mucinous glands were not listed in the table of results.
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Staining intensity and sample

number (n=9)

Cell Type Weak Moderate Strong
staining Staining Staining

Functional squamous epithelium. 2 3 0

Prickle cell layer of squamous epithelium

Basal cell layer of squamous epithelium

Smooth muscle

= N O =
O = O »
O O O =

Acinar glands

Table 6.3.7 Staining intensity of oesophagus using antibody to ALA
synthase

Fig 6.3.8.a Immunohistological examination of a specimen of resected
oesophagus at 40 times magnification. To the left, a negative control
specimen is present. On the right is oesophagus stained with antibody to ALA
synthase. Only weak staining is present in the smooth muscle, acinus glands
and functional layer of epithelium.
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Fig 6.3.8.b Immunohistological examination of a specimen of resected

oesophagus at 100 times magnification. Above a negative control specimen
is. Below, oesophagus is stained with antibody to ALA synthase showing
staining is present in the functional layer of epithelium.

Oesophageal squamous epithelium can be divided into three layers — the basal ,
prickle and functional cell layers. The prickle and functional cell layers consisted of
progressively flatter glycogen-rich cells. The mature oesophageal epithelium —
from the more metabolically active, mature functional layer stains positive for ALA
synthase — as opposed to the basal layer of cells — which are actively dividing cells

that are not functional.

Gopalakrishnan R et al (1999) demonstrated using western blots and RT-PCR, that
cytochrome p450’s are present in oesophageal muscosa — although in quite small
amounts. Furthermore, Lechevrel et al (1999) were able to demonstrate that a wide

range of cytochrome p450°s were detectable using immunoblot and RT-PCR — thus

157



range of cytochrome p450’s were detectable using immunoblot and RT-PCR - thus

indicating a possible role in oesophageal metabolism of xenobiotics. No

immunocytochemistry was performed in either study; therefore comparison with

the specific staining for ALA synthase in the functional layer of oesophageal

mucosa is not possible. However one would expect cytochrome P450’s to be

expressed in the functional layer of the oesophageal mucosa — which correlates

with our staining for ALA synthase.

Stomach

Little immunohistological staining for ALA synthase was demonstrated, other than

in the gastric glands. The results are summarized below.

Staining intensity and sample number (n=6)
Cell Type Weak staining Moderate staining Strong staining
| Alveolar
cells 2 0 0
Fundic
glands 1 4 o
Gastric
mucosa
Other
Table 6.3.8 Staining intensity of stomach using antibody to ALA
synthase.
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Fig 6.3.9 Immunohistological examination of resected stomach using

antibody to ALA synthase. On the left, a negative control specimen is present.
On the right, stomach is stained with antibody to ALA synthase, showing
moderate staining in the parietal cells of the fundic glands only.

The fundic glands are straight, tightly packed glands with pits that occupy less and
a quarter of the mucosal thickness. The basal cells are predominantly pepsinogen
secreting “chief” cells; while towards the surface parietal cells predominate. The
parietal glands produce neutral and acidic mucin, which protects the stomach
epithelium from acid. The parietal cells have large numbers of mitochondria, with
a high oxidative capacity, which produce the ATP needed for the
hydrogen/potassium ATP-ase (proton pump) needed for the production of HCI
(hydrochloric acid). '

Small intestine and pancreas

Seven specimens of small intestine were examined for immunohistologically detectable

levels of ALA synthase. Six of these specimens were resected from the terminal ileum

and demonstrated no staining for ALA synthase. The only specimen obtained from

duodenum showed weak staining in the crypts of Luberkhun. This sample is shown in the

figure below.
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Fig 6.3.10 Immunohistological examination of duodenum using antibody
to ALA synthase. Above, a photograph of the negative control specimen is
present. Below, duodenum has been stained using antibody to ALA synthase.

Staining is visible in the crypts of Luberkhun.

In the pathology archives only extremely abnormal pancreas, resected from patients

with chronic pancreatitis was available, and this was not suitable for this study.
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duodenal specimen. In this sample strong staining for ALA synthase was

demonstrated in the islet cells. This is shown in the figure below.

Fig 6.3.11 Inmunohistological examination of pancreas using antibody to

ALA synthase. On the left, a negative control sample of ALA synthase is
present. On the right, pancreas has been stained using an antibody to ALA
synthase demonstrating strong staining in the islet cells.

Given that our staining in all tissues followed an extremely consistent pattern,
although there is only one sample it is worth noting that pancreatic acinar celis —
which did not stain for ALA synthase, is amongst the most metabolically active
cells in the body with extremely high rates of protein synthesis (personal
communication from M Berman). The Beta islet cells however stained moderately

positive for ALA synthase.

Colon
Six samples of colon were examined immunohistologically for ALA synthase. Five
of the six samples demonstrated moderate staining in endocrine cells in the crypts
and some weak staining in smooth muscle. No other staining for ALA synthase was

present.
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Fig 6.3.12.a Immunohistological examination of colon using antibody to
ALA synthase at 100 times magnification. A negative control specimen is
present on the left. To the right, weak staining is demonstrated in the endocrine

cells in the crypts.

Fig 6.3.12.b Immunohistological examination of colon using antibody to
ALA synthase at 200 times magnification, demonstrating the staining of

endocrine cells in the crypts.
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Skeletal muscle
Skeletal muscle samples were only obtained from the 4 post-mortem examinations.
These samples showed checkerboard-staining patterns with some muscle fibres
staining moderately strongly for ALA synthase. This indicates that a particular sub-
group of muscle fibres is staining — probably the type 1 muscle fibres (aerobic

musctle fibres).

Fig 6.3.13 Immunohistological examination of skeletal muscle using
antibody to ALA synthase at 100 times magnification. Above, on the left is
an H and E, with a negative control specimen to the right. Below, moderately

strong staining is demonstrated in some muscle fibres forming a checkerboard
pattern.

163



The type 1 fibres have a larger mitochondrial content and depend on aerobic
respiration. These fibres also have large quantities of myoglobin necessary for
oxygen storage. In contrast the type II muscle fibres have much fewer
mitochondria, little myoglobin but are rich in glycogen and glycolytic enzymes and
are capable of rapid metabolism of glucose —to the lactate stage — for short intense

and sporadic bursts of activity.

To confirm which muscle fibre might be staining, co-staining with antibodies to
ATPase or to NADPH-TR would have been necessary. However, it is likely that the
Type I fibre’s with their high myoglobin and mitochondrial content, and oxidative
demands are likely to contain more ALA synthase and one can assume that the

staining present is likely to be in this sub-group of muscle fibre.

Lung
Several surgical and 4 post mortem lung specimens were examined
immunohistologically for the presence of ALA synthase. Only two of the samples
contained bronchial glands and in the acinus glandular cells stained moderately to
strongly for ALLA synthase. The bronchial brush border epithelium was weakly
positive for ALLA synthase. These cells are highly active cells requiring energy to
produce motile cilia and contain large numbers of mitochondria towards the apices

of the cells.

Immunohistochemical examination of lung tissue using anti-sera to cytochrome
P450 (Kivisto KT, 1995; Raunio H et al 1999)) enzymes demonstrates strong
staining for cytochrome P450’s in seromucous glands and some staining in ciliated

and cuboidal bronchial epithelium.
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Staining intensity and sample number (n=11)

Cell Type Weak Moderate Strong
staining staining staining

Alveolar cells 6 0 0

Bronchial glands 1

(acinar celis) (n=ﬂ

Bronchial 8 2 0

epithelium

Other 0 0 0

Table 6.3.9 Staining intensity of lung using antibody to ALA synthase.

Fig 6.3.14.a Immunohistological examination of lung using antibody to

ALA synthase at 40 times magnification. This sample contains bronchial

glands(indicated by an arrow) showing moderate staining for ALA synthase.

Note the weak staining in the brush border cells of the bronchial epithelium,
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Fig 6.3.14.b Immunohistological examination of lung using antibody to

ALA synthase at 100 times magnification. To the left a negative control
sample is present. On the right, the sample contains bronchial glands showing

moderate staining for ALA synthase.

Myocardium

Five myocardial biopsies were examined immunohistologically for ALA synthase.

Staining intensity and sample number (n=5)

Cell Type Weak staining Moderate Strong staining
staining
Myocardial cells 0 2 1

Table 6.3.10 Staining intensity of myocardium using antibody to ALA

synthase.
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Fig 6.3.14.a Immunohistological examination of cardiac muscle using

antibody to ALA synthase at a magnification of 100 times. To the left a
negative control is present, while on the right, moderately strong staining is

demonstrated in the muscle cells.

Fig 6.3.15.b Immunohistological examination of cardiac muscle using
antibody to ALA synthase at a magnification of 400 times. As previously, a
negative control is present on the left, while staining for ALA synthase is
demonstrated in the right sample.
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Myocardial cells are involuntary striated muscle cells, which contain many

mitochondria and have a high oxygen demand. From this one could extrapolate

a demand for haem and thus moderately strong staining for AL A synthase.

Summary of staining in all tissues

Tissue

Cell Type

Liver

Hepatocytes — moderate to strong staining
Bile ducts — none to weak staining.

Adrenal gland

Zona reticularis — moderate to strong staining
Zona Glomerulosa - weak to moderate staining
Adrenal medulla- staining in ganglion cells

Kidney PCT- moderate to strong staining
DCT- weak staining
Ovary Staining in follicular epithelium
Testis Staining in late spermatids
Neurones Strong staining in neurones ~ including axons and
' dendrites
Anterior pituitary | Checkerboard staining in anterior pituitary cells.
Oésophagus Weak to moderate staining in the functional layer of

oesophageal mucosa, and in oesophageal glands.

Small intestine

Weak staining in the crypts of Luberkhun.

Colon

Moderate staining in endocrine cells.

Lung

Weak staining in bronchiolar epithelium, and
moderate staining in bronchial glands.

Myocardial cells

Moderately strong staining in myocytes

Skeletal muscle

Moderate staining in type | muscle cellis

Table 6.3.11 Table showing summary of immunostaining in all tissues for

ALA synthase.
The pattern of staining is presumed to represent the haem requirements of particular

tissues.
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As we have been studying human hepatic ALA synthase, our discussion does not
take into account the high levels of erythroid AL A synthase present in developing
erythroid cells, which accounts for about 85% of total haem production in the

human body (May, 1995).

Haem containing proteins (as discussed in chapter 1) include NADH reductase,
cytochrome reductase and cytochrome oxidase — all important electron carriers in
the respiratory chain. Thus in tissues with large numbers of mitochondria, in which
there are high metabolic requirements for ATP one would expect staining for ALA

synthase.

However to state this alone as the reason for staining is rather too simplistic. I
would like to suggest that over and above this, certain tissues (like liver, kidney,
skeletal muscle) have specific requirements for haem to be incorporated into
specific haem containing enzymes, which might not be simply proportional to -

mitochondrial number - leading to the highest levels of ALA synthase expression.

For example our strongest staining was obtained in liver. Although liver is
metabolically very active, it is certainly not the most active tissue in the body,
suggesting additional factors - such as a higher proportional amount of haem
containing enzymes (such as the cytochrome p450°s) that increase the specific
haem requireinent as a bigger determinant of ALA synthase presence. Liver with its
multiple oxidative reactions and peroxidations (that require haem containing
enzymes to catalyse these reactions) has a high requirement for haem and hence the

strong staining.

Furthermore, in the anterior pituitary, all the cells are very aétive metabolically.
However the staining for ALA synthase suggest variables in cellular expression
amongst different cell types. This would suggest an additional haem requirement in
the synthesis of some of the enzymes secreted by some of the pituitary cells

(possibly as discussed above, the growth hormone secreting cells).

169



These results represent some insight into ALA synthase tissue distribution. While
Srivastava’s (1992) mRNA studies show similar ALA synthase distribution in rats
(highest levels of hepatic ALA synthase being found in liver, testis, adrenal cortex,
and myocardium), the immunocytochemistry shows the actual cell type containing
ALA synthase. The advantage of this specificity using immunocytochemistry is for
example, the high levels of ALA synthase detected in neurones — which perhaps
was not apparent in the mRNA studies due to the “dilution effect” caused by the
undetectable levels of ALA synthase in glial cells and other supporting tissue found

in brain.

Disadvantages are the variation of staining between different samples. Although
ALA synthase levels may vary between individuals depending on age, sex and diet
(Srivastava, 1992) the variation seen using immunocytochemistry may represent

time differences in fixing and processing of tissue.

Highly autolytic tissue yielded no staining for ALA synthase — even using liver.
Therefore all immunocytochemistry using autolytic tissue was discounted in

looking at these results.

Unfortunately due to the ethical constraints associated with using human tissue,
optimum sample number (considered to be a minimum of 8 - personal
communication — Corrigall, 1998), consistency in age and sex of patient was not

- possible — therefore limiting the conclusions that can be drawn using this study.

However, this immunohistological examination is the first in human tissue and

sheds new light on the distribution of AL A synthase in human tissue.
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Summary

An antibody was developed to human hepatic ALA synthase. In this work, human
tissue was examined, immunocytochemically, for the presence of detectable
quantities of ALA synthase. There was some inter-individual variation between
tissue samples from the same organs; reproducible patterns of staining did emerge.
We were able to show that ALLA synthase is present in hepatocytes in moderate
amounts, and in variable amounts in particular cells in different organs — for
example - zona reticulosa in the adrenal gland, steroid secreting cells in the ovary,
late primary spermatocytes in the testis, endocrine cells in the colon, myocytes in
the myocardium, and some myocytes in skeletal muscle, some cells in the anterior
pituitary, and in neurones in the brain. Thus for the first time not only the tissue
distribution of ALA synthase is shown, but also which cells in a particular tissue

express the enzyme most strongly.

One area this study does not address is the potential inducibility of the ALA
synthase in each of these tissues. In the next chapter we will be discussing an
immunocytochemical examination of a post mortem examination of a patient with

acute intermittent porphyria who died during an acute attack of porphyria.
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Chapter Seven

Immunohistological examination of ALA
synthase in human tissue from a patient
who died during an acute attack of AlP

7.1 Introduction

In this chapter we present an immunohistochemical examination for ALA synthase
in several tissues from a patient (HK) who died as a result of prolonged, severe,

recurrent acute attacks of acute intermittent porphyria (AIP).

HK first presented to a hospital in a state of flaccid quadraparesis and respiratory
failure. This followed several bouts of acute abdominal pain over the preceding
months. Her mother had died from a similar problem — which had nevér been
diagnosed. A diagnosis of AIP was made after porphyrin analysis of urine, plasma
and blood. It took Sever_al months for her to regain sufficient muscle strength to

breathe spontaneously.

Following this, she continued to have acute attacks of porphyria at approximately 3
weekly intervals. However, the frequency and duration of these attacks increased
until she was almost permanently confined to hospital. Several attacks were of
sufficient severity to require admission to ICU for ventilation. She also required
frequent early treatment with haem arginate and other supportive care.
Unfortunately her response to haem arginate became less with time, with
incomplete resolution of symptoms and shorter duration of response. Tin
protoporphyrin was added to the treatment regime and appeared to have a better
response of longer duration (with the effects lasting up to 3 to 4 weeks).
Prophylactic administration of haem arginate did not appear to have any effect on

preventing future attacks. Other treatments tried were parenteral administration of
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GnRH agonist, which, although it caused persistent amenorrhoea, did not alter her

clinical course.

Ongoing acute attacks continued for a further 5 years. Her clinical treatment was
further complicated by tuberculosis — given the porphyrinogenicity of most anti —
tuberculosis drugs choice of treatment was difficult. Initially she Was treated with
streptomycin and ethambutol, but unfortunately relapsed. She appeared to respond
well to a nine-month course of streptomycin, ethambutol and amoxycillin-

clavulinate.

Finally her condition deteriorated to the point that she was constantly in pain,
despite ongoing treatment with massive doses of pethidine. Haem arginate, even
with tin protoporphyrin, failed to clear her symptoms although it appeared to
prevent a worsening to the point of paralysis (due to neuropathy). Finally,
following a series of discussions between patient, medical and nursing staff,
chaplain and ethicist, a decision was taken to scale down the intensity of therapy.
No further haem arginate was given, and she died, well sedated, from respiratory

failure.

The post-mortem showed a thin, small lady with obvious muscle wasting. Her
heart, liver and kidneys were small. The liver was a dark slate grey colour. The

kidneys were small, with thinned renal cortex.

Limited conclusions can be drawn from an immunohistochemical examination of
one patient. Unfortunately, paraffin blocks from many other patients suffering from
acute porphyria who died from a variety of conditions (and had previously given

permission for further research to be undertaken), were destroyed in a fire.
Nevertheless, some insight into possible tissue differences in the inducibility of

ALA synthase were deemed to be sufficiently interesting, for inclusion of this case

report into this thesis.
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7.2 Materials and methods

Materials

Surgical material, from patient HK, in the form of paraffin blocks, was obtained
from the archives of the pathology department at Groote Schuur hospital.

Permission to use archived material was obtained from the head of the pathology

department.

| Methods

The immunocytochemical technique used is that described in Chapters 4, 5 and 6.

7.3 Results and discussion

Liver

Macroscopically the liver appeared small (weighing 1042g — normal 1400-1600g),

and appeared to be a dark, blue-grey colour. When cut it was slightly congested and

very pigmented.

Histology showed no cirrhosis or fatty change. However examination of the liver
was complicated by the presence of pigmented granules in the hepatocytes. This
pigment appeared to be cytosolic, and was fairly clumped and refractile. It is

demonstrated in the H and E stain of HK s liver below.
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e g . R
Fig 7.3.1. An H & E (haematoxylin and eosin) stained section of HK's liver
viewed at 400 times magnification. Some of the pigmented granules, visible

in the hepatocytes are indicated by an arrow.

Most of this pigment, stained positive for iron, as is shown in the perl’s stain for

iron, below. All iron stains as a blue-green colour.

A

Fig 7.3.2 A Perl’s stain of HK’s liver viewed at 400 times magnification. The
iron containing area’s stain a greenish colour and some are indicated by
arrows. Note the peri-cannilicular arrangement of the iron pigment.
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However, some pigment, (a small minority) which was less refractile than the iron
pigment, was present and did not stain for copper, bile or porphyrin pigment. It is
possible that this pigment could have been tin (due to her treatment with tin

protoporphyrin) or lipofuscin.’

Biempica et al, (1974) reviewed four liver biopsies in patient who suffered from
acute intermittent porphyria as well as one biopsy obtained from a patient who died

from AIP.

- This was prior to the availability of haem arginate or tin protoporphyrin. They
described several features found in biopsies from patients with AIP — including iron
overload and the presence of lipofuscin granules — with larger areas of ferritin-like
particles than that found in normal livers. In the one PM biopsy they studied, these

particles were a prominent feature in all hepatocytes.

The pigment, a darker shade of brown than the immunohistochemical peroxidase
stain does make interpreting the results more difficult. Unfortunately the water
soluble Fast-red stain diffused throughout the liver sample, and was even more
difficult to interpret. Because the negative control is shown with the sample, we are
confidently able to interpret very strong staining for ALA synthase in hepatocytés,

with weak to moderate staining in bile ducts.

The staining for ALA synthase in HK’s liver was strongly positive in hepatocytes,

and moderately positive in bile ducts.
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Fig 7.3.3 a Liver viewed at 100 times magnification from patient HK. The
specimen on the left is a negative control sample, which shows pigmented
granules in many hepatocytes. The specimen on the right is a one stained with
antibody to ALA synthase. Strong staining for ALA synthase is present in
hepatocytes, with moderately strong staining in bile ducts.

Fig 7.3.3.b Liver viewed at 400 times magnification from patient HK. The specimen
on the right is a one stained with antibody to ALA synthase. Strong staining for ALA

synthase is present in hepatocytes, with moderate staining in bile ducts.

Adrenal gland
Histologically the adrenal glands appeared normal. Staining for ALA synthase in

the adrenal gland was very similar to that obtained in the standard surgical
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specimens except the strong staining in the zona reticularis, appeared darker than
the most strongly positive adrenal specimens in chapter 6. Strong staining for ALA

synthase was also present in the ganglion cells of the adrenal medulla.

c

Fig 7.3.4.a. Adrenal cortex viewed at 100 times magnification. On the left a
negative control specimen is present. On the right, there is strong staining in the
zona reticularis, (some cells being indicated by a bold arrow) and moderate
staining in the zona's fasciculata and glomerularis (indicated by a bracket).

Fig 7.3.4.b Adrenal medulla viewed at 100 times magnification. To the left,
a negative control specimen is present. On the right, the ganglion celis staining

strongly for ALA synthase are indicated by an arrow.
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Kidney
Both kidneys were small, with thinned cortices. The left and right kidney’s weighed
75g and 79g respectively (normal 115 to 220g). There was no dilatation of the
calyceal system. Histologically there was evidence of chronic pyelonephritis with
focal areas of sclerosed glomeruli, tubular casts and interstitial inflammation. The

staining for ALA synthase obtained in Kidney is virtually identical to that obtained

in our surgical biopsy specimens.

Fig 7.3.5.a Kidney viewed at 100 times magnification. To the left, a negative
control specimen is present. Moderately strong staining for ALA synthase is
present in the proximal convoluted tubules (PCT’s).

Fig 7.3.5.b Kidney viewed at 200 times magnification. To the left, a negative

control specimen is present. Moderately strong staining for ALA synthase is
present in the PCT's.
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Myocardium
On macroscopic examination the heart appeared normal. Histology was
unremarkable, except for iron deposits in supporting cells. Staining for ALA
synthase was similar to that obtained in the surgical specimens, although once again

it appeared to stain slightly darker for ALA synthase than the most strongly positive

surgical specimen’s.

Fig 7.3.6 Myocardium of HK viewed at 100 times magnification. To the left, a
negative control is present. To the right, moderate staining for ALA synthase is

demonstrated in myocardial cells.

Skeletal muscle

Myocytes demonstrated either weak or strong staining for ALA synthase. The
checkerboard pattern seen in non-porphyric samples (from chapter 6) was not seen
— instead whole muscle bundles stained either weakly or strongly (fibre-type
grouping). This pattern is commonly seen when staining for fibre types (e.g. stains
for NADPH) in patients with peripheral neuropathy. The severe peripheral
neuropathy that HK had would be an explanation for this staining pattern.

The explanation for this fibre-type grouping pattern is that as peripheral nerves are
damaged and die the muscle fibres are re-innervated by sprouting of newly grown
axons and endplates. Unlike the random (hence checkerboard) distribution of type 1

and 2 fibres which occur during normal development (and which are determined by
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the type of innervating nerve fibre), patches of muscle fibres are all re-innervated

by sprouting from the same nerve fibre growing in resulting in grouping of fibre

types.

Figure 7.3.7 Skeletal muscie from HK viewed at 100 times magnification.

Above a negative control sample is present. Below the sample stained for
ALA synthase is present demonstrating variable staining for ALA synthase -
although, unlike the other specimens from Fig. 6.3., no checkerboard pattern is

present. The staining for whole muscie fibre bundles is probably indicative of

the severe peripheral neuropathy that HK suffered from.

Anterior pituitary
Unfortunately no brain samples were available for immunocytochemistry, which is

regrettable given its possible involvement in the pathogenesis of the acute attack.

However anterior pituitary had been sampled and demonstrated staining remarkably

similar to that found in non-porphyric individuais.
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Fig 7.3.8 Anterior pituitary viewed at 100 times magnification. To the left a
negative control is present. On the right, a checkerboard pattern of staining for
ALA synthase is demonstrated.

Summary

In this chapter we looked at immuno-staining for ALA synthase in a young women,

with severe Acute Intermittent Porphyria, who died during an acute attack of

porphyria.

The liver samples, showed evidence of iron overload and stained strongly for ALA
synthase. Strong staining for ALA synthase was also demonstrated in the proximal
convoluted tubules of the kidney, zona reticulosa of the adrenal medulla, and
myocardium. The staining in the kidney was as strong as that seen in the most
strongly positive surgical specimens. The staining in adrenal gland and
myocardium was slightly darker than that seen in the most strongly positive

surgical specimens — implying high levels of ALA synthase.
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Myocytes —~ probably Type Ia- stained strongly for ALA synthase, although not in
the usual checkerboard fashion, but in a pattern characteristically seen with

peripheral neuropathy.

Further conclusions from this study cannot be drawn and further case studies on
porphyric subjects unfortunate to die either from acute porphyria or other causes

would be helpful.
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Chapter Eight

Final comments and future studies

ALA synthase, the first enzyme in the haem pathway can be induced, in acute
porphyria, and thereby appears to play an important role in the acute attack of
porphyria. Unfortunately the nature of the ALA synthase protein (mitochondrial
matrix, hydrophobic and sensitivity to proteases) has made studying this enzyme

technically difficult.

This project marked an important step in our characterization of human hepatic
ALA synthase. We were able to produce an antibody to human hepatic ALA
synthase. Expression of full-length enzyme did not prove possible, so a fragment of
the protein was expressed in E.Coli as a fusion with Shistosoma japonicum
glutathione transferase and purified on a hexyl-glutathione column. Antibodies
were produced in rabbits, which recognized human and rat hepatic ALA synthase —

but not human erythroid ALA synthase.

The antibody was suitable for use in immunocjrtochemistry — thus allowing us‘to
examine the human tissue — and indeed cellular distribution of AL A synthase.
ALA synthase was detected in hepatocytes, proximal convoluted tubule cells in the
kidney, zona reticularis in the adrenal gland, myocytes, myocardium, bronchial
glands of the lung, oesophageal epithelium, endocrine glands of the colon, anterior
pituitary cells and neurones. Very little ALA synthase was detected in stomach and

small intestine.

The apparent high concentrations of ALA synthase in neurones (including dendrites
and axons), has not been documented previously. This result lends weight to the
theories about the acute attack of porphyria being related to neuronal haem
deficiency or direct neurotoxicity of ALA. Previously it was thought that there was

very little ALA present in the CNS due to the low concentrations measured in
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cerebro-spinal fluid. The amount of ALA potentially present in neurones has never
been determined. This work suggests that the amount of ALA potentially present in
neurones is significant, as judged by the amount of immunoreactive ALA synthase
present in surgical brain tissue specimens. It is therefore clear that further research
on the role of ALA synthase in neuronal functioning, both under physiological

circumstances and more specifically in the acute attack of porphyria, is indicated.

The case study of patient HK, who died from porphyria, showed strong staining for
ALA synthase in liver, kidney and adrenal gland. While it is intriguing to observe
that the levels of ALA synthase were apparently induced to a high degree in the
porphyric case, further case studies would be necessary before meaningful

comparisons can be made.

However, one of the factors hampering further research into ALA synthase is the
lack of a suitable expression éystem, for ALA synthase - which limits
characterization of the human hepatic isoform of the enzyme. All of the prokaryotic
expression systems that we tried were unsuccessful, and the eukaryotic expression
system in COS cells was just adequate to use as a positive control for our antibody.
As it would be of great value to be able to produce ALA synthase protein for study
purpose, in expression systems, we would suggest further work using alternative
systems. Some of these that could be tried include baculovirus expression systems,

using insect cells or silkworm larvae (Murakami et al 2001).

Another important area of future research is investigation into the regulatory
sequences of the human hepatic enzyme. Once regulation of ALA synthase is
understood, both under physiological circumstances and in acute porphyria,‘ the
potential exists for specific therapies designed to prevent the induction of ALA
synthase, and perhaps altering the course of the acute attack in severely affected

individuals with acute porphyria.
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APPENDIX 1

STANDARD METHODS

A 1.1 Small-scale isolation of plasmid DNA.

Plasmid DNA was extracted by an adaptétion of the Ish-Horowicz and Burke (1981)
method as described in the Short Protocols of Molecular Biology. Five ml of yBROTH
(a nutrient rich E.Coli culture broth - see Addendum AZ2.), containing the appropriate
antibiotic selection pressure was inoculated with E.Coli and incubated overnight, in a
shaking incubator at 37°C. Two ml of culture was pelleted in an eppendorf microfuge
for 1 minute. The supernatant was aspirated and discarded and the cells were
resuspended in 100 pl of GTE (see Addendum A.2). This was allowed to stand at room
temperature for 2 minutes. Two hundred pl of fresh 0.1M NaOH, 1% SDS was added
to the samplé and this was incubated on ice for 5 minutes. One hundred and fifty pl of
KAc (see Addendum A2) was added and the sample was incubated on ice for a further
5 minutes. This was then centrifuged in an eppendorf microfuge for 5 minutes. Four
hundred i of the supernatant was aspirated and transferred to a clean eppendorf. Eight
hundred pl of 100% ethanol was added and the sample was allowed to stand at room
temperature for 2 minutes, before being spun in the Eppendorf microfuge for 10
minutes, to precipitate the DNA. The DNA was washed in 1ml of 70% ethanol and
briefly dried, before being resuspended in 20 pl of TE (see Addendum A2), containing
1 pl of 10 mg/ml RNase A.

A 1.2 Large-scale isolation of plasmid DNA

Plasmid DNA was extracted using ion exchange chromatography. The column were
from Qiagen Plasmid Midi kit and used according to the manufacturers instructions.
The protocol is based on a modified alkaline lysis procedure, followed by the binding
of plasmid DNA to an anion-exchange resin. Impurities are removed using medium salt
washes. The plasmid is eluted under high salt conditions and precipitated using

isopropy! alcohol.
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A13 Restriction endonuclease digestvion and DNA ligation

reactions

The methods used are adaptations of those described by Maniatis et al, 1990. Up to Sug
DNA was digested in a total volume of 20ul, containing 3 - Sul of restriction
endonuclease per g DNA and appropriate enzyme buffer as supplied by the
manufacturer (Boerhinger Manneheim). Reactions were incubated at the suggested

temperatures for periods of 1 to 3 hours.

Ligation reactions were performed overnight at 10° C in a total volume of 20ul of
ligation buffer supplied by thg manufacturer (Promega) and 1 pl of T4 DNA ligase. The
total concentration of DNA in the vector-insert ligation mixture was 15 pmol. The
vector and insert DNA were present in a molar ration of 1:2 per ligation reaction. To
control for ligase activity, 5 pmol of single cut plasmid DNA was included as a positive
control. When ligations were performed using a single-cut ligation, the vector was
subjected to dephosphorylation using calf intestinal Alkaline Phosphatase, used

according to the manufacturer's instructions.
A 1.4 Preparation and transformation of competent E.Coli cells

A modification of the Rubidium Chloride method described by Maniatis et al (1982)
was used for the preparation of competent E.Coli cells. One colony of E.Coli was

picked from a fresh agar plate and inoculated into 10 ml of yB (See Addendum A2)

and incubated overnight in a shaking incubator at 37° C. The following morning 5-ml

of the overnight culture was inoculated into 100ml of pre-warmed ¥B in a conical flask
and incubated in a shaking incubator at 37°C for 1.5 to 2.5 hours, until the ODsso

reached 0.35. The culture was then decanted into two 50ml centrifuge tubes and chilled
on ice for 15 minutes, before being centrifuged in a JA-20 rotor (Beckman) at 2500rpm

for 5 minutes at 4¢ C. The supernatants were aspirated and discarded and each pellet

was gently resuspended in 10.5ml ice-cold TFB1 (see A 2), pooled and incubated on

ice for 90 minutes. Cells were then centrifuged at 2500 rpm in a JA -20 rotor at 4°C.
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The supernatant was once again aspirated and discarded and the cells were gently
resuspended in 3.5ml ice-cold TFB2 (see A 2). One hundred pu aliquots of cells were
aliquotted into eppendorf tubes. The cells were then competent and could either be used

immediately for transformation, or could be flash-frozen in liquid nitrogen and stored at

-800 C where cells remained competent for several months for transformation at a later
stage. Once frozen, competent cells were thawed on ice for 10 minutes. Fresh
competent cells were ready for immediate use. Up to 10ng of DNA in 10ul of dd
| (double distilled) H20, or 10 pl of a ligation mixture was added to a 100l aliquot of

competent cells and incubated on ice for 30 minutes. The cells were subjected to a heat

shock at 42°C for 2 minutes, followed by quickly returning the cells to ice for a period

of 5 minutes. Four hundred pl of yB was added to each sample, which was then

incubated at 37° C for 45 minutes. Up to 100 pl of sample was plated onto a yB agar
plate (see A2) containing the appropriate selective antibiotic. To prevent spurious
results the following control samples were included: competent cells with no plasmid
DNA and competent cells with 1 pg to Ing of uncut plasmid DNA, to assess

transformation efficiency. Cells prepared and transformed in this manner had a

transformation efficiency of approximately 106 cblonies per pg of DNA.

A 1.5 DNA agarose gel electrophoresis

DNA fragments were separated using horizontal gel electrophoresis systems. Agarose
in a TBE/EthBR Buffer (see A2) was used in concentrations varying between 0.75%
and 2%, depending of the DNA fragment sizes. Samples were loaded into agarose gel
wells with a 10% final volume of DNA sample loading buffer (see A2). DNA bands
~ were visualised using a UV transillumininator (254 nm) and photographed using a

Polaroid camera and 667 photographic film.

Standard DNA fragment sizes were obtained by digesting ADNA with either Psz I, or
Eco RI and Hind I1I, restriction enzymes (see A2). For fragments smaller than 1000
bp(base pairs), a 100 bp ladder (Promega) was used. The DNA fragments were sized
by comparison to a standard curve obtained by the calculating the log molecular mass

of known DNA fragment sizes versus their relative mobilities.
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A 1.6 PCR

PCR’s were performed in using TAQ DNA Polymerase, (Boerhinger Manneheim) in
PCR buffer (with pre-added magnesium) according to the manufacturers instructions.
dNTP’s were used at a concentration of 200LM of each dNTP/100ul reaction. Primers
(synthesised by Genosys) were used at a concentration of 25-pmol/100ul reaction.
Concentrations of template varied between 100pg and 1 ng of plasmid DNA. Annealing

- temperatures varied depending on the primers that were being used.

A 1.7 DNA Sequencing

DNA sequencing was achieved in both directions using the di-deoxy chain termination
Method (Sanger, 1977). A modified T4 DNA polymerase, Sequenase Version 2 T7
Polymerase (US Biochemical Corporation) was used. Fluorescent labelled sequencing
primers directed to the T3 and T7 promoters were used. Sequencing was performed
using an automatic sequencer (Pharmaciea) and ALF express software (Pharmaciae)

was used to analyse the sequence.

A 1.8 Production of hexyl-GSH

This procedure was performed at room temperature, according to the method described
by Vince, et al (1971). Two ml of reduced GSH was prepared to a concentration of
2mm. Thereafter 2ml of a 2N solution of NaOH was added to the GSH solution.
Ethanol is added, one drop at a time, using a pasteur pipette, until cloud point is reached
(usually after a total volume of 10ml was reached). One-iodohexane is slowly added to
the solution over a period of 30 minutes to give a final concentration of 2mm hexane.
This was covered with parafilm and stirred overnight. The pH is reduced to 3.5 by
drop-wise addition of 47% of hydrogen Iodide. The solution was then incubated at 4°C
for 4 hours. The solids were then removed by filtration and washed with 20ml of
distilied water and dissolved in a minimum volume of water at 90°C. This was allowed
to crystallize by the addition an equal volume of 100% ethanol and stored at —20°C

overnight and the crystals are allowed to dry between pieces of Whatman filter paper.
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The hexyl-glutathione is stored in a desiccator at -20°. Purity of the hexyl-glutathione
was not verified.

A 1.9 Production of Hexyl-GSH affinity column

This was prepared according to the method described by Simons and Vander Jagt

(1981). Six grams of epoxy-sepharose 4B was rehydrated in dd (double distilled) H,O
before being washed on a scimtered glass filter with 800ml dd H,0. 12 ml of hexyl-
GSH ligand solution (see A2) was added to the epoxy-sepharose. This was gently
shaken for 30 hours at 30 ° C. The coupled gel was then washed with 200 ml of dd
H,0, and the remaining active groups were blocked, by allowing the gel to stand in 1M
ethanolamine, for 4 hours. The gel was then washed on a scimtered glass funnel with
200ml of NaOH/NaHCO3 buffer (see A2) followed by 200ml of Borate buffer (see
A2), 200ml of Acetate buffer and 400m! of dd H,O. The column was then washed with

100ml of STE (see Addendum A2) and stored at 4° C in STE containing 0.1-% Sodium

azide.

A 1.10 CDNB Assay to check for GST expression

This was a modification of the method described by Mannervik and Danielson (1988).
Protein lysate was prepared as for protein purification (see in chapter 3) 2.75ml GST
assay buffer (see A2), 0.1ml of CDNB solution (see A2) and 0.15ml of reduced GST
solution (see A2) were combined in a quartz spectrophotometer cuvette to be used as a
blank for the spectrophotometer. A second quartz cuvette containing the above-
mentioned reagents with the addition of 10 to 50ul of protein lysate was prepared. The
absorbency readings of both the blank and the sample cuvettes were simultaneously
read at Agggnm, at 0.5 second intervals for a period of one minute. The activity was
calculated by the change in absorbency in the blank subtracted from the change in
absorbency of the sample, multiplied by 31.35, divided by the time in minutes. The

result is expressed as the pumol formed/min/mgprotein.
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A 1.11 Protein Determination

Protein determination was performed using a Biocinchoninic acid kit obtained from
Boeringer Manneheim, used according to manufacturers instructions. |

Reagent for protein determination was prepared by adding 1 volume of
Copper(II)Sulphate pentéhydrate 4% solution to 50 parts of Biocinchoninic acid
solution (containing biocinchoninic acid, sodium carbonate, sodium tartrate, sodium
bicarbonate in 0.IN NaOH, pH 11.25). Two ml of reagent was used for each protein

concentration calculation.

A rough estimate of protein concentration in the sample is established by doing an

absorbancy reading at ODygo nm.

A standard curve for calculations of protein concentration was prepared by adding
increasing concentrations of BSA (1 mg/ml diluted with H,O to give a total volume of
100ul volume) to 2 ml of biocinchoninic acid solution. Protein sample whose protein
concentration had previously been roughly estimated is diluted as appropriate to ensure
that the concentration is likely to fall within the range of the BSA protein
concentrations is added to 2 ml of the biocinchoninic acid solution at the same time as
the standard samples are prepared. After briefly vortexing each sample, the samples are
incubated in a 37°C water bath for 30 minutes and allowed to return to room

temperature. Absorbancy is read at 562 nm.

The absorbancy readings of the samples with known concentration of protein (i.e. the
BSA samples) are plotted onto a graph. The y-axis represents the known concentration
of protein, and the x-axis represents the absorbancy reading. The absorbancy of the

unknown protein is read by plotting this onto the graph.

A 1.12 SDS Page gels

SDS polyacrylamide gels were run according to the method described by Laemelli .
(1972) and O’ Farrell (1975). Acrylamide concentrations varied between 10 and 12%.

Gels were run using the Biorad minigel apparatus as well as a larger piece of apparatus,
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kindly made by one of the university technical staff. Acrylamide gel mix, separating
and stacking gel buffers were prepared as described in A2. Separating and stacking gels

were prepared as described (A 2) and allowed to polymerise. Protein samples were

heated to 100°C in 1 times reducing solubilization solution (A2) for 3 minutes prior to

being loaded in the sample wells.

Gels were allowed to run in SDS running buffer (A2) until the dye front was 2mm from
the end of the gel. Gels were stained using Coumassie staining solution (A2) for 1 to 2
hours and thereafter placed in Destain solution (Addendum A2) until protein bands
were clearly visualised. Rainbow molecular weight markers (Amersham) or Biorad
prestained markers or Pharmaciae (non prestained markers) were used and proteins
were sized by comparison to a standard curve obtained by the log molecular mass of the

protein markers versus their relative mobility’s.
A 1.13 Western blotting

A modification of Western blotting as described by Towbin et al (1979) was used to
blot proteins onto nitrocellulose membranes. Both the tank system and the horizontal

~ semi-dry blotting systems were used as described in Current Protocols in Immunology.

After SDS page gels had been run as described in A 1.12, gels were incubated in
transblotting buffer (25 mM Tris, 192 mM glycine, 20% methanol). Filter paper and .
nitrocellulose membrane (Hybond C) were also immersed in transblotting buffer, until

completely moistened.

Thereafter the gel was applied to the nitrocellulose membrane, after being sandwiched
between several layers of filter paper. This was placed in a gel transfer chamber, with

the gel being placed closest to the negative electrode. The gel is run at 300mA for one

hour.
Once blotting onto the nitrocellulose membrane had been completed, the membrane

was blocked in TBS/Tween/skim milk (A2) for 45 minutes. Primary antibody was
added to fresh blocking buffer in dilutions ranging between 1:1000 and 1:5000. The
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membrane was incubated in the primary antibody solution for 45 minutes. After the
membrane had been washed in at least 3 washes of blocking buffer, secondary antibody
(HRP Goat anti-rabbit obtained from Omnimed) was diluted 1:500 in blocking buffer |
and incubated with the membrane for 45 minutes. The membrane was then washed -
twice with blocking buffer and three times with TBS-Tween (see A2) and a further 3
times with TBS.

The blot was developed using 4-chloro-1-naphthol solution (A2) in the dark for a

period of 2 to 5 minutes (until the bands were clearly visualised.)
A1.14 Preparatibn of Antigen for Antibody production in rabbits

Ten to 15 pg of purified protein that had been purified as previously described in
chapter 3 was loaded onto each well of a 20 by 20 cm SDS page gel, prepared as
described in A 1.13. After the gel had run, it was blotted onto nitrocellulose membrane
as described in A 1.15. The proteins on the nitrocellulose membrane were stained in
TCA Coumassie solution (A2) for 1 to 2 minutes and then destained in Destain buffer.

The nitrocellulose membrane was then washed in ddH»O and allowed to dry between 2

sheets of blotting paper. Approximately 100 pg of the aﬁpropriate protein band was
then excised and solubilised by vortexing in 1 ml of DMSO, immediately prior to

injection of antigen into rabbits.
A 1.15 Polyclonal antibody production in rabbits

The protocol for immunisation of rabbits is an adaptation of that described in Cuwrent
protocols in Immunology (1995) .The rabbits were initially inoculated with 1ml of
antigen, prepared as described in A 1.14, combined with 1 ml of complete Freunds
adjuvent, into multiple subcutaneous sites. The inoculation was repeated after a 21-day
interval - this time using incomplete instead of complete Freunds adjuvent, and at 10-
day intervals following the second innoculum until antibody reponses were detected. A
trial pre-immunisation bleed took place before the first inoculation and every
inoculations following the third innoculation, until the desired antibody response was

achieved. This was usually obtained after the 5th or 6™ inoculation. Rabbits were then
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maintained for a maximum of 20-ml! ear bvléeds, which took place every four weeks.
Antibody response was tested using Western blotting (as described in A 1.13) and
ELISA’s (as described in A 1.16)

A 1.16 ELISA

ELISA’s were performed as a modification of the indirect ELISA technique described
in Current Protocols in Immunology (1995), supplement 2. Two to ten pg of purified

protein was applied in a maximum volume of 50 pl per well of the ELISA microtitre

plate and allowed to dry overnight at 37° C. One hundred pl of 80% methanol was
applied to each well for a period of 15 minutes, in order to fix the protein. The wells
were then blocked for 45 minutes using blocking buffer (see A 2). 50 ul of Primary
antibody diluted in blocking buffer was applied at dilutions varying between 1: 1000 to
1: 32000. The wells were then washed 4 times with blocking buffer and twice with
TBS-Tween. Fifty pl of the secondary antibody, diluted in blocking buffer, in
concentrations varying between 1:2000 and 1:10 000 was applied to each well for a
period of 45 minutes. The wells were then washed as described above, with 2 additional
washes with TBS, and the ELISA was then developed using 100 pl of a-phenyldiamine
in citrate buffer, and HyO» (see A2), for a period of 10 to 30 minutes, in the dark. The

reaction was stopped by adding 50ul/well of 2.5M H7SOy4. The ELISA was read on a

microplate reader at 540nm.

A 1.17 Maintenance of COS cells

COS cells were cultured according to the method described in Current Protocols in

Molecular Biology (1997- section 9.2.1-9.2.10).
The cells were cultured in DMEM (Sigma or GIBCO) containing L-Glutamine and10%
heat inactivated foetal calf serum (FCS). Foetal calf serum (GIBCO) was heat

inactivated by incubating it for 30 minutes at S6°C.

Prior to plating of cells onto the standard TC Plates or chambered microscope slides,
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the plates were coated using Poly-L-Lysine. Poly-L-lysine stock was prepared as
described in A2. A volume of 250 pl/well of a 12 well plate or per well on microscope
slides. This was allowed to stand at 37°C for 10 to 15 minutes. The wells were washed

several times using PBS. These were allowed to dry before cells were plated.

Cells were diluted to 50 000 cells/ml media before being plated. 12 ml of media was
used per T75 Flask. The cells were incubated at 37 °C incubator (an autoflow, water —

jacketed CO; incubator, with the CO; set at 5%.).

The media was changed every 24 hours and the cells were allowed to grow to a
confluence of 80 %. Once confluency was achieved, the cells were lifted using

Trypsin/EDTA (see A2).

The TC flask was washed using HBS. Thereafter 5 ml of Trypsin/EDTA was applied to
the cells. This was allowed to incubate at 37 °C for 3 to 5 minutes. The flask was
checked every minute under the dissecting microscope and once the cells were rounded
the flask was vigorously tapped to aid lifting of the cells. The trypsin reaction was
stopped by the addition of 2 ml DMEM/FCS. This suspension was spun at 1000g for a
minute and the supernatant was aspirated and discarded. The cells were resuspended in

5ml of DMEM/FCS. These were counted using a Coulter counter.

Cells were then diluted to the appropriate dilution before being plated.
A 1.18 DEAE Dextran transient transfections of COS cells.

- Unless otherwise stated all incubation steps take place in an autoflow water jacketed

37° C incubator with the CO, concentration set at 5%.

For transfections of COS cells onto microscope slides, the two-chambered microscope
slides were coated in poly-D-lysine (Sigma) — diluted 1:40. The slides were washed
four times, using PBS. COS cells, which had been trypsinized as described in A1.17
were diluted to 100 000 cells/ml. Approximately 250 000 cells (in a volume of 2.5 ml)

were placed in each well of the microscope slide and allowed to grow overnight at 37°
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Cin 5% CO,.

The media was then aspirated from the wells and the cells were washed several times
with HEPES/DMEM (see A2). A volume of 0.6m! of the HEPES/DEAE dextran/DNA
solution (containing 1/10 volume of HBS/DEAE dextran — see A2 and 9/10 DMEM
together with 2.5ug of DNA) was added to each well of the microscope slide and
allowed to incubate at 37°C (5% CO,) for 4 to 5 hours.

The DEAE dextran/DNA solution was carefully aspirated from the cells and 1 ml of
freshly prepared chloroquine solution was added to each well (200uM Chloroquine in
DMEM). The cells were incubated for a further hour at 37°C, followed by careful
wasﬁing using HEPES/DMEM.

The final stage in the transfection was a DMSO shock. Ten percent DMSO (1ml) was
added to each well and gently aspirated within 2 minutes of being applied to the cells.
The cells were then washed with HEPES/DMEM. The cells were then incubated for 24
to 48 hours in DMEM/HEPES/10%FCS.

A1.19 Double immunodiffusion

A 1.2% solution of Agar Noble was dissolved in potassium phosphate buffer (0.15M
NaCl; 0.05M sodium phosphate§ 0.1% Sodium azide, pH7.4), with heatihg and using
constant stirring to prevent boiling. Molten agar was poured onto a pre-warmed,
ethanol cleaned glass plate, which had been placed on a horizontal platform. This was

allowed to set for 30 minutes, before being stored at 4° C, covered until needed.

4 mm wells were punched in the agar in a rosette pattern. Several rosettes were
punched into agar. In 2 of the rosettes, 10 pl of antiserum to uGST was pipetted into
the central well. 10 pl of cytosol from each one of the liver cytosol preparations was

pipetted into all of the peripheral wells in doubling dilutions.

In 2 of the rosettes 10ul of cytosol preparations was pipetted into the central well. 10 pl

of antiserum to HGST was pipetted into the peripheral wells in doubling dilutions. The
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plbates were stored in a horizontal position for 48 hours at 25°C to allow diffusion of
cytosol and antiserum. The plates were then washed in several changes of Saline
(0.9%NaCl, 0.1% Sodium azide) for 72 hours to remove unprecipitated protein. The
plates were then washed in double distilled water for 4 hours, before being stained for 2
hours in Amido black (0.2% amido black / 5% acetic acid.) The gels are then destained

using 5% acetic acid.
A1.20 Human GST purification.

These were purified using a hexyl-GST affinity column according to the method

described by Guthenberg and Mannervik (1979).

A volume of 10ml h-GSH sepharose was used per 50ml of cytosol. The column was
equilibrated with 0.2mM DET, 0.01M Tris HCL. The cytosol was then applied to the
column at a flow rate of 17.5ml/hour. The column was then washed overnight with
equilibration buffer, until the ODygq of the eluant was the same as equilibration buffer.
The column was then washed with equilibration buffer containing O.,’ZM NaCl to
remove non-specifically bound proteins, after which the GST mixture was eluted using
5 mm He){yl-GSH (As described in A2.). A total volume of 15 ml hexyl-GSH buffer

was applied to the column - 2ml at a time and allowed to empty by gravity flow.

The fractions were analysed for protein content in a spectrophotometer at an ODagg and
fractions containing protein were pooled and stored at -20°C until needed.

-

A.21. Watson-Swartz test for presence of ALA

Two ml of solution containing ALA (e.g. cell culture supernatant) is mixed with 1 ml
of ethyl-acetoacetate and incubated at 100°C for 10 minutes. After the mixture has been
allowed to cool to room temperature an aliquot is removed and added to an equal
volume of Ehrlich’s aldehyde. If ALA is present the colour changes to a bright pink

colour.
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APPENDIX 2

Standard buffers and media

Amido-Black stain for double immunodiffusion

Amido black 0.2%
Acetic acid 5%
CDNB buffer
CDNB ‘ - 30mM in 100% ethanol

DNA sample loading buffer/Stop buffer

Bromophenol blue 0.25% (wiv)
Glycerol ' _ 50% (v/v)
EDTA 100mM (final concentration)

Equilibration buffer for human GST purification

DET 0.2mM
TrisH Cl , 0.01M
GSH buffer
GSH(reduced) 20mM in water.
GST assay buffer
KH,PO, 0.1M
Na HPO, 0.1IM

pH KH,PO, to 6.5 using the Na,HPOy .

GTE (pH 8.0)
Glucose 50mM
Tris 25 mM
EDTA - 10mM
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Hepes Buffered Saline (HBS):

NaCl 137 mM

KCl 5mM

NaH,PO, 0.7 mM

Hepes 21 mM
Hepes/DMEM

DMEM 50ml

HBS - 1ml

HBS/DEAE dextran (3 mg/l):
DEAE dextran: 60 mg

HEBS: 20 ml
Filter sterilise.

~ Hexyl-Glutathione affinity column solutions

Ligand buffer (pH10.6)
Hexyl-GSH 94mg
NaHCO3 : 0.1M
NaOH 0.1M
NaHCO; /NaOH buffer(pH10.6)
NaHCO; 0.1M
NaOH 0.1M
Borate buffer(pH 8.0)
Sodium Borate 0.1M
NaCl » 0.5M
Acetate buffer(pH4.0)
Sodium Acetate 0.1M
Sodium Chloride 0.5M

Hexyl-Glutathione column regenerating buffers

High PH regenerating buffer(pH8.5)
Tris HCI 0.1M
NaCl _ 0.5M
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Low PH regenerating buffer(pH4.5)
Na acetate 0.1M
NaCl 0.5M

Alternate with 5-column volume washes of high and low PH regenerating buffers
3 times, followed by re-equilibration of column with STE

Hexyl-Glutathione Elution Buffer for purification of Sj GST fusion
proteins.

Hexyl-GSH final concentration of 5 mM
For 50ml final volume proceed as follows:
Make up 12ml solution of the following:

NaCl 0.2M
Tris HCI (pH7.8) 0.05M
DTE 2mM
N-octyl Glucoside 1g
TritonX-100 25ul

Distilled water to volume of 12 ml.
Add hexyl-GSH and mix using the aid of a mortar and pestle.

Using Pasteur pipette add 10 drops of Tris HC1 (pH8.8) 1M.
Add STE to final volume of 50ml.

Homogenization buffer for human liver cytosol preparation

DET 0.2mM
PMSF 0.57TmM
Tris HCL(pH 7.8) 0.0IM

KOAC(Potassium acetate) solution(pH 7.4)

Potassium acetate 29.44¢g
Glacial acetic acid 11.5ml
Distilled water 88.5 ml

ADNA molecular weight markers

20ul DNA (200 g/ 1)

22l ddH, O

5ul RE buffer

3ul Restriction enzyme

Incubated at 37 C for 2 hours. 20 pl of Stop buffer added Stored at 4°C.
7ul loaded/well on Agarose gels
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NaOH/SDS Solution
NaOH
SDS
Poly-D-Lysine stock:

Poly-D-Lysine:
Dd HQOI

0.2M
1%(w/iv)

1.5ml
60 ml

Potassium phosphate buffer for double immunodiffusion (pH 7.4)

Sodium Chloride 0.15M
Sodium Phosphate 0.05M
Sodium Azide, 0.1%
PMSF Stock
PMSF 100mM in DMSO
SDS page solutions
Amps
Ammonium Persulphate 10%(w/v)
make fresh
Acrylamide Solution (30%)
Acrylamide 29.2¢g
Bis-acrylamide 0.8g
Distilled water to a final volume of 100ml
Coumassie stain
Distilled water 500ml
Methanol 400ml
Glacial Acetic Acid 100ml
Coumassie 0.3 % (wiv)
Filter prior to usage
Destain
Distilled water 500ml
Ethanol 400ml
Glacial Acetic Acid 100ml
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Reducing Sample loading buffer
Tris HCI1 pH 6.8
SDS
Glycerol
Mercaptoethanol
Bromophenol Blue

Separating gel buffer (pH8.8)
Tris HCI
SDS -

Separating gel final mix
For a 10% SDS gel
Acrylamide stock
Separating gel buffer
Distilled water
Amps
TEMED

Stacking gel buffer (pH 6.8)
Tris HCI
SDS

Stacking gel final mix
Acrylamide Stock
Distilled Water
Stacking gel buffer
Amps
TEMED

STE(pH8.0)
NaCl

Tris HC1
"EDTA

STE/PMSF

STE as above
PMSF

TBE buffer (pH 8.0)

Tris HCl
Boric Acid
EDTA

0.0625M
2%

10%

5%
0.001%

1.125M
0.3%

3.3ml
2.5ml
4.15ml
0.1ml

7ul

0.375M
0.3%

1.3ml
6.1ml
2.5ml
0.3ml

10ul

150mM
10mM
ImM

0.1mM (final concentration)

89 mM
89 mM
2.5mM
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TBE/Ethidium Bromide

TBE as above
Ethidium Bromide  Final concentration 6j1g/ml

v Broth
Bacto-tryptone 2%(w/v)
Bacto-Yeast 0.5%(w/v)
MgS§0,4.7H,0 0.4% (w/v)
KCl 10mM
vB Agar
YB - as above
Bacto-Agar 1.5%(w/v)

TE Buffer (pH8.0)

Tris HC1 10mM
EDTA 7 ImM
TFB1
RbCl 100mM
MnC 12 .4H20 50mM
KOAc 30mM
CaCl.2H,0 10mM
Glyerol 15%(v/v)

pH 5.8 using glacial acetic acid. Filter sterilize

TFB2
MOPS(pH7.0) 10mM
RbCI 10mM
CaCl,.2H,0 75mM
Glycerol 15%(v/v)
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Further conclusions from this study cannot be drawn and further case studies on
porphyric subjects unfortunate to die either from acute porphyria or other causes
would be helpful.
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