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SUMMARY

ALA synthase, localised within the inner mitochondrial membrane,
has been identified as the rate limiting enzyme of hepatic haem
biosynthesis, subject to negative feedback control by haem.
Liver, however, is a minor haem forming tissue as erythroblasts
synthesise 857 of the total daily haem and are the cells most
sensitivebté haem deficiency. Within developing erythroid cells
haem is required both for its specific complexing with globin and
-for the cd-ordinate regulation of erythroblast metabolism and

differentiation.

It does then seem surprising that in contrast to our understanding
of hepatic haem biosynthesis and its regulation by ALA synthase,
little is known about haem synthesis in erythroblasts or the
factors that regulate the activities of the enzymes in the
biosynthetic pathway. The principal problems that have hampered
the study of erythroid haem synthesis have been the heterogeneity
of cells in bone marrow samples in respect to lineage and maturity
and the lack of suitably sensitive haem enzyme assays. The work
detailed in this thesis has overcome these problems and has used
"in vivo" human erythroblasts to examine the effect of normal and

abnormal erythroid differentiation on ALA synthase activity.

(xv)



A highly sensitive radiochemical assay of ALA synthase activity,
capable of detecting enzyme activity in 2 x 105 bone marrow cells,
is described. This developed assay utilised reverse phase high
performance liquid chromatography to isolate [l4c]-ALA pyrrole
from radioactive substrate and metabolites. [140]:§€Ecinate was
preferred\to 2-keto[14Clglutarate as radioactive substrate and the
enzyme assaybwas optimised wifh respect.to marrow sample
preparétion, ALA pyrrole production, [l4Cc]-succinate, CoA, GTP,
succinate thiokinase, EDTA and succinylacetone concentration to
obtain maximal ALA synthase activity. The mean enzyme activity in
11 normal unfractionated bone marrow samples (893 + 199 pmol
ALA/106 erythroblasts/h) was approximately 507 greater than that

recorded with the next most sensitive assay method.

Cytotoxic (IgM) monoclonal antibody TG-1 is specific for myeloid
cells. It was used to obtain highly purified populations of
marrow erythroblasts and to calculate the percentage contribution
made by myeloid cells to ALA synthase activity in unfractionated
bone marrow samples. In both normal and sideroblastic samples
approximately 507 of the total enzyme activity was shown to be
myeloid in origin. As previous studies using unfractionated. human
bone marrow have assumed insignificant myeloid ALA éynthase

activity, their results and conclusions require to be reassessed.
Age matched populations of erythroblasts were obtained by percoll

equilibrium density centrifugation of the marrow erythroblasts

following TG-1 lysis of myeloid cells. ALA synthase activity was

(xvi)



examined during congenital dyserythropoietic (CDA), thalassaemic
and sideroblastic erythropoiesis. The results sﬁggest that ALA
synthase activity does not limit huﬁan erythroblast haem synfhésis
and that reduced ALA synthase activity is not the cause of primary
acquired sideroblastic anaemia (PASA). Rather it is suggested
that the reduced enzyme activity,‘as was found in iron loaded
erythroblasts and ring sideroblasts, resulted from iron-mediated
enzyﬁe toxicity. It is further postulated that reduced ALA
synthase activity as found in two cases of CDA and one of |
thalassaemia resulted from high transferrin saturation with
consequent erythroblast iron overload, whereas in PASA enzyme
inactivation and ring sideroblast formation resulted from a

primary abnormality of erythroblast iron metabolism.

(xvii)
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CHAPTER 1

INTRODUCTION




v

1, INTRODUCTTION

. A
The Greek word "ng@vpoo“ "porphuros" meaning purple provides the

stem for "pofphyry" a purple rock quarried by ancient Egyptians

"nn

and "porphyre" "a serpent about the bignesse of a span or more

which in outward aspect was the most beautiful and well coloured
purple" (Topsell, 1658). It is more frequently used in the word
"porphyrin" taken from "haematoporphyrin" used by Hoppe Seyler

(1871) to describe the major comstituent of an iron free

preparation of blood.

The structure of porphyrins may be broken down to reveal a basic
tetrapyrrole arrangement. Each pyrrole represents a closed ring
containing 1 nitrogen and 4 carbon atoms. The pyrroles are 1inked

by methine bridges in either a cyclical or linear form. The vital

and ubiquitous role of the cyclical tetrapyrroles is attested to

by their presence in haem (Fig 1), the iron chelate of
protoporphyrin IX, chlorophyll, the magnesium chelate of -
protoporphyrin IX and in the bacterial corrin, vitamin Bjg, the

<

cobalt chelate of uroporphyrinogen III derivatives.

The porphyrin structure of haem and chlorophyll was first
described by Hans Fischer (1881-1945). The Nobel medal for

chemistry, which shows the figure of science unveiling the goddess



. Figure 1:

i
COOH

The structure of heme-ferro-protoporphy-
rin 9.

The cyclical tetrapyrrole structure of haem




Isis, was awarded to Fischer in 1930 for unveiling the secrets of
Nature "in showing that despite her extravagant diversity she had
been sufficiently economical to use the same building material

when constructing two substances so greatly different in

appearance and occurrence" (Soderbaum, 1930).

Porphyrins are readily visible and emit an intense red
fluorescence when exposed to long wave ultraviolet light

(400 nm). This property is utilised for biological purposes and
has been used to detect coproporphyrin in crocodile excrement from
the Eocene age, 25 million years BC (Fikentscher, 1933) and iﬁ thé

search for evidence of life in samples taken from lunar rocks.

Their production ih both plants and animals requires
5—aminoléevulinic acidv(ALA) from which protoporphyrin IX is
produced. At this point the biosynthetic pathways diverge, plants
to chlorophyll, animals to haem. Tﬁe pathways further differ in
their production of ALA as the basic building unit. In man ALA is
produced by the enzymatic couﬁiing of succinyl CoA with glycine,
whereas in plants it is produced in a three step pfocess from
L-glutamic acid through dioxovalerié acid (DOVA). Varticovski
(1980) has shown that this latter pathway may not be restricted to
plants, as labelled DOVA may be incorporated into ALA énd haem in
\ rats.,JHowever the balance of the paired reaction of DOVA
transaminase and alanine-glyoxylate transaminase favours the

reverse reaction with the formation of glycine (Moore and Disler,



1985). 1If L-glutamic acid is a source of erythroid ALA in man

(see Milgrom, 1985) it is likely to be a very minor one.

1.1 HAEM

Haem serves a critical metabolic function in animals as the
brosthetic group of biologically important haem proteins which
include haemoglobin, myoglobin, cytochromes P450 and P448, b type
cytochromes, peroxidases, catalase and tryptophan pyrrolase. In
addition, within developing erythroid cells haem may also be
involved in the regulation of protein synthesis, iron uptake and

differentiation (Chapter 5).

1.1.1 The formation of haem

The synthesis of haem occurs by an essentially unbranched pathway
which consists of a series of irreversible réactions (Fig 2).’ The
first (ALA synthase) and last three biosynthetic enzymes
(coproporphyrinogen III oxidase, protoporphyrinogen III oxidase
and ferrochelatase) are 1oéalised within the mitochondria with the
intermediate enzymes in the cytosol. Two molecules of ALA, formed
in the mitochondria, are condensed to form the colourless
monopyrrole pérphobilinogen (PBG). Thereafter PBG—deaminase\and
uroporphyrinogen’III cosynthase act in concert to condense four
molecules of PBG to hydroxymethylbilane from which the first
porphyrin, uroporphyrinogen III is formed, with production of less

than 17 of the symmetrical series I isomer. The side chains of

uroporphyrinogen III are then modified by a series of
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decarboxylation reactions to give protoporphyrinogen IX which is
readily oxidised to protoporphyrin IX before the insertion of Felt

and haem formation.

1.1.2 ALA synthase (EC 2,3,1,37)

ATA synthasé, loosely béﬁnd to the inne¥ mitochondrial membrane,
catalyses the condensation of glycine and succinyl CoA to form
ALA. Glycine reacts with succinyl CoA to form the short lived
enzyme bound intermediate o-amino-B-ketoadipic acid which
spontaneously decarboxylates to yield ALA (Gidari and Levere,
1977). Pyridoxal 5 phosphate (PLP) is required as an essential

cofactor (Shemin and Russell, 1953).

Pyridoxamine phosphate and PLP are the active coenzymé forms of
pyridoxine (vitamin B6). As shown below tﬁe most common type of
reaction requir{hg PLP is transamination, the transfer of the

o-amino group of one amino acid to the carbon of an 0-keto acid

(Lehninger, 1972).

*CcooH *CcooH
I I
‘?oon CHy €0, CHy
o |
CHy +-CHg - NHy ~T—) CHy - ? > CHy
! 1 !
CHy COOH *'C=0 *cC=0
I CoA I !
0 = C-S-CoA - HC-NH, CHy
. . | [
COOH NHj

The carbon atoms originating from the carboxyl atoms
of succinyl CoA are marked.




1.2 THE_STRUCTURE OF ALA SYNTHASE

The molecular weight of isolated ALA synthase is dependent upon
ﬁhe nature of the animal species studied énd the source of the
tissue. The conditions under whiéh the enzyme is purified are
also impoftant as buffers of low ionic strength may cause enzyme
aggregation (Sassa and Kappas, 1981). The erythroid and liver iso
enzymes have been shown to be structurally and immunologically
diffe;ent (Bishop et al, 1981; Watanabe et al, 1983). Although
the enzyme is functionally active only in the presence of succinyl
CdA, and hence only in the mitochondria, it is produced in the
cytoplasmic polyribosomes, as a larger precursor, from which it is
transported to the mitochondria in association with proteolytic
processing (Yamauchi et al, 1980; Yamamoto et al, 1981). Imn rat
d\ liver cytosol the enzyme is thought to exist as a complex of one
catalytically active and two inactive subunits of molecular weight
51,000, 79,000 and 120,000 respectively (Oshashi and Kikuchi,
1979) with which the active mitochondrial enzyme is
immunochemically identical.and formed as>a dimer of two active
subunits (Nakakuki et al, 1980). In chicken liver and bone marrow
the cytosolic enzymes have molecular weights of 73,000 and 55,000

from which fragments of 8,000 and 2,000 respectively are cleaved

during transport to the mitochondria (Watanabe et al, 1983).



1.3 THE ROLE OF ALA SYNTHASE IN THE REGULATION OF HEPATIC

HAEM BIOSYNTHESIS

The half life of ALA synthase is very shoft, 34 min in foetal rat
iiver (Woods, 1974) and 160 min iﬁ culture chick embryo liver
cells (Sassa and Cranick, 1970). This is considerably shorter
than the approximate 5 day half 1ife of general mitochondrial
proteins (Druyan et al, 1969) and permits the regulation of liver
ALA synthase by mechanisms which control the rate of enéyme
synthesis.” In liver, ALA synthase is the rate limiting step in
haem biosynthesis (Granick and Urata, 1963) and is subject to
feedback control by "free" intracellular haem at transcriptional
(Whiting, 1976) and translational (Strand et al, 1972a) levels:
haem has also been shown to inhibit the translocation of cytosolic
enzyme to the liver mitochondria (Yamauchi et al, 1980; Yamamoto
et al, 1981). This active "free" intracellular haem pool will
inevitably be small and have a rapid turnover, a necessary

requisite for a controlling substance (Moore and Disler, 1985).

Within human erythroid cells there is as yet no clear picture as
to what role ALA synthase plays in haem biosynthesis and Yh?t
factors regulate enzyme activity. The principal reasonsvfor\this
have been the laék of suitably sensitive assays of haem synthetic
enzyme activity and an inability to separéte bone marrow erythroid
cells from each other on the basis of differentiation status and

from the contaminating myeloid cells present in the marrow cavity

(Ibrahim et al, 1983; Beaumont et al, 1984).



1.4 EXPERIMENTAL dBJECTIVES AND LAYOUT OF THESIS

The importance of ALA synthase activity in the regulation of
ﬁepatic haem biosynthesis and its role in‘the'overproduction of
porphyrins and/or their precursors in the different porphyrias has
been defined (for review éee Moore and Disler, 1985). Despite the
fact that erythroblasts synthesise 85% of the total body haem
produced each day (Berk et al, 1976) the importance of ALA
synthase in the regulation of erythroid haem biosynthesis and its
role in the development and pathogenesis of anaemias, in

particular the sideroblastic anaemias, is uncertain.

It was the aim of the work discussed in this thesis to overcome
the problems relating to the study of human bone marrow and
erythroblast ALA synthase activity. The various chapters detail
in stepwise fashion the progress made. The relevant literature
and the particular problems anticipated at each step are presented

in the introduction to each individual chapter.

The development of a sensitive radiochemical assay method for the
measurement of ALA synthase activity in small numbers of human
bone marrow cells is described in Chapter 2. The developed ;ssay
was used to measure ALA synthase activity in crude unfractionated
samples of human bone marrow. The results are presented in
Chapter 3 and the performance of the assay compared with published
methods. Enzyme activity in unfractionated human bone marrow has

been regarded, in all previous studies, as a measure of



erythroblast ALA synthase. The validity of this assumptiom is
tested in Chapter 4 and the percentage contribution made by
myeloid cells towards ALA synthase activity in unfractionated
normal and sideroblastic bone marrbw is reported.> In Chapter 5
marrow fractionation procedures are described which ha?e permitted
the direct measurement of ALA synthase acfivity within age matched
normal and pathological erythroblasts. Thelresults have been used
to examine the role of ALA synthase in tﬁe regulation of
erythroblast haem biosynthesis and the significance of reduced ALA

synthase activity in the development of primary acquired

sideroblastic anaemia (PASA).

1.5 ALA SYNTHASE ACTIVITY AND SIDEROBLASTIC ANAEMTIA

Iron deficiency anaemia is the most common and the clearest
clinical manifestation of haem deficiency. Erythrocyte
protoporphyrin levels are raised but there is as yet no
information on the effects that haem deficiency have on

erythroblast ALA synthase activity.

The sideroblastic anaemias are a rare group of dysplastic marrow
disorders, which with respect to the congenital ana primary
acquired forms, have been associated with reduced bone marrow ALA
synthase activity. This reduced haem synthetic enzyme activity is
thought to represent the primary defect of erythroblast

metabolism, responsible for the development of mitochondrial iron



loading and ineffective erythropoiesis (Aoki et al, 1974; Aoki,
1980; Ponka and Neuwrit, 1974; Bottomley, 1977, 1982). See

Chapter 5.

Gruneberg (1941) applied the term "sideropyte" to the iron loaded
erythrocytes éf flexed-tailed mutaﬁt (£/£) foétal mice.
Erythroblast iron granules were first described by Douglas and
Dacie (1953). They concluded that normal erythroblasts could
contain up to six small iron granules and that the number of
marrow sideroblasts was related to the percentage transferrin
saturation. The first description of acquired anaemia with
hypochromic red cells and sideroblasts in the bone marrow
(Bjorkman, 1956) was followed by the classic account by Dacie et
al (1957) of refractory normoblastic anaemia with sideroblasts in
the bone marrow. These seven cases undoubtedly established
'primary acquired sideroblastic anaemia (PASA) as a diagnostic
entity. However Dacie”s term "cuff" to describe the perinuclear
siderotic granules, has not prevailed and has since been replaced
by "ring", introduced by Bowman (1961). As used in the
following text: "ring sideroblast" describes erythroblasts

(+ dyserythropoietic features) with » 5 large siderotic granules
extending > 1/3 of the nuclear circumference (see Plate 1), in
which the iron granules are known to be present within
mitochondria (Caroli et al, 1957); "ﬁathological sideroblast" to
~describe non ring forms with > 7 large iron granules in the

cytoplasm.
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Reduced ALA synthase activity in pyridoxine responsive congenital
gideroblééfic anaemia is thought to result from increased
sensitivity of apo ALA synthase to an erythroblast profease
specific for pyridoiéi enzymes (Aoki, 1978; Aoki et al, 1979;
ﬂanabe et al, 1982). The therap;utic benéfi£ of pyridoxine has
been ‘explained agxé stébilising effect on the enzyme, through
which normal sensitivity is restored (Manabe et al, 1982). 1In the
preleukaemic form of sideroblastic anaemia, PASA, there is no

therapeutic response to pyridoxine and reduced ALA synthase

activity is thought to reflect reduced enzyme production.

1.6 ALA SYNTHASE ACTIVITY AND PORPHYRIA

Acute intermittent porphyria (AIP) is associated with increased
ALA synthase activity in liver (Tschudy et al, 1965) and

peripheral blood leucocytes (Brodie et al, 1977). This le& to the |
initial hypothesis that AIP might represent the first genetic f

disease characterised by enzyme overactivity (Tschudy et al,

1965). It is now known that the human porphyrias comprise a group

of inherited and acquired disorders characterised by reduced
activity of specific haem enzymes as observed in liver cells,
erythrocytes, leucocyte pellets, cultured fibroblasts, cultured
amniotic cells and mitogen stim&lated lymphocytes (for‘review, see
Sassa and Kappas, 1980) and associated with enzyme overactivity at
stages preceding the deficient enzyme. Interest in the porphyrias

is considerable, however their relevance to the work described by

10
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this Scotsman lies not with their causing transfer of the Crown
from the Scottish House of Stewart to that of Hanover* (McAlpine
and Hunter, 1966; Mcalpine et al, 1968), but with a seemingly
curious paradox; while primary porphyric aberrations in haem
synthetic enzymes as evidenced in many tissues, do not disturb
bone marrow function, reduced ALA synthase activity in PASA is
considéred sufficient cause of a refractory anaemia associated

with erythroid hyperplasia and mitochondrial iron loading.

* The Act of Settlement 1701 transferred the Crown from the
Scottish House of Stewart to that of Hanover. The Act had been
required to safeguard the Protestant succession, jeopardised by
the failure of Queen Anne (1665-1714) to leave a Protestant heir;
a failure postulated to have been caused by the "Royal Malady"
porphyria.

11
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2. DEVELOPMENT OF AN ASSAY TO DETERMINE
5—AMINOLAEVULINIC ACID SYNTHASE - ACTIVITY
IN HUMAN. BONE MARROW.

2.1 PRINCIPLE OF ENZYME ACTIVITY ASSAYS

The amount of enzyme activity in a given tissue is usually defined
as the amount of product from substrate per unit time under
certain specified conditions (Mahler and Cordes, 1969). Where
possible enzymes are assayed in test conditions in which the pH is
optimum and the substrate concentration is above the saturating
level, so that the initial reaction rate is zero-order for
substfate. When catalysed reactions are zero—order for substrate
and cofactors the rate of the reaction is proportional to enzyme

concentration alone (Lehninger, 1972).

2.2 - COLORIMETRIC DETERMINATION OF ALA

The original method developed to measure ALA was a colorimetric
assay first described by Mauzerall and Granick (1956) and
subsequently used as the basis of colorimetric assays of tissue
ALA synthase activity (see Burnham 1970). In the original méthod
ALA was converte& to a pyrrole by adding either acetylacetone or
ethy}écetoacetate. The resulting ALA pyrrole was reacted with
modified Ehrliéh reagent and quantified by spectrophotometry at
555 nm. The chemistry of pyrrole reactions with Ehrlich reagent

is complex (Falk, 1964) but in relation to the reaction with ALA

12



pyrrole (P) a coloured salt (E) is formed by the reaction of the
free o~hydrogen on the pyrrole with the dimethylaminobenzaldehyde

(DMAB) in the Ehrlich reagent (Lien and Beattie, 1982).

CH3 c— CHs

H H /

b—ﬂ + o=c—®—~i + H® = —b:c—-@—h{ + Hy0
N CHs ) N CHs
H H® .

P DMAB CE

The colour is not stable and should be read at 15 min as the
coloured salt (E) can react with another molecule of pyrrole (P)

to form a colourless compound.

The major drawbacks of the colorimetric assay are the formation of
aminoacetone pyrrole which also reacts with Ehrlich reagent and
low sensitivity. Aminoacetone is formed by the condensation of
glycine with acetyl CoA, catalysed by aminoacetone synthase, or by
the oxidation of t?f;nine (Lien and Beattie, 1982). The limit of
detection with colorimetric assays is about 3 nmol ALA/ml (Falk
1964). As such they are not suitable for use with tissues
containing low levels of ALA synthase, or with tissues such as

human bone marrow available only in small quantities.

2.3 FLUORIMETRIC ASSAY OF ALA SYNTHASE

A fluorimetric assay sensitive to ALA synthase activity in the

pmol/ml range has been described (Bishop et al, 1982) but has not

13



been used successfully.to detect enzyme activity in bone marrow

lysates (Bottomley and Moore, 1982).

2.4 RADIOCHEMICAL ASSAYS OF ALA SYNTHASE

ALA synthase activity in liver (Irving and Elliot, 1969), in human
bﬁne marrow (Bottomley et al, 1973), in "in vitro" cultured cell
lines (Ebert énd Ikawa, 1974), in "in viéro" bone"marrow cultures
(Ibrahim et al, 1982) and in peripﬁeral bloéd leucocytes (Brodie
et al, 1977) is moét often detected by radiochemical assay,
sensitive to the detection of 10-100 pmol ALA/ml (Irving and

Elliott, 1969).

With radiochemical assays in general there are problems with the
choice of radioactive substrate and the specificity of radioactive
ALA isolation. In addition a problem peculiar to the use of
radiochemical assays with erythroid tissues is tﬁe loss of
radioactive ALA that occurs during the period of sample and

substrate incubation. This is known as ALA UTILISATION (Strand et

al, 1972; Bottomley et al, 1973).

2.4.1 Choice of radioactive substrate

Succinyl CoA andrglycine are the direct substrates of ALA synthase
and both [140]-succiny1 CoA (Aoki et al, 1974) and [140]—g1ycine
(Freshney and Paul, 1970) have been used in radiochemical assays
of ALA synthase activity. There are however problems with both.

The Km of ALA synthase for glycine is high 4.2 mmol/l (Freshney

14
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and Paul, 1970), 2.5 - 7.5 mmol/1 (Nakakuki et al, 1980). As this
is approximately 160 times the Km for succinyl CoA (Aokl et al,

1974) it has been thought that [IAC]-glyCLne may not be a

practical choice of substrate (Bishop and Wood, 1977).

The Km for succinyl CoA is extremely low, 11 umol/1l (Nakakuki et
al, 1980). However, at —-20°C the stability of [140]-succiny1 CoA
is only in the order of weeks and during incubation at 37°C for 30
min some 50% may be non enzymatically hydrolysed (Aoki et al,
1974). As [140]—succiny1 CoA is not commercially available its
use over a prolonged period of time would require its repeated
preparation from [14c]-succinic anhydride, an extremely expensive

radiochemical.

These problems have led to the more frequent use of either 2-keto
[14C]g1utarate or [14C]-succinate. Neither 2-keto
[140]—ketog1utarate, initially used by Ebert et al (1970) or
[14C]-succinate (Irving and Elliott, 1969) are{éiregt substrates

of ALA synthase. Both are intermediates of the citric acid cycle

(Fig 3) and require to be metabolised to [1#C]-succinyl CoA.

Conversion of 2-ketoglutarate to succinyl CoA:

2-ketoglutarate dehydrogenase (EC 1.2.4.2.) is an enzyme complex
that catalyses the irreversible oxidative phosphorylation of
2—ketog1utarate to succinyl CoA. Thiamine pyrophosphate, lipoic
acid, CoA, NAD and FAD are required as enzyme bound cofactors

(Lehninger, 1972).
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Mobilization of
acetyl CoA

The tricarboxylic acid cycle
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Note: The citric acid cycle is the central pathway for the

degradation of two carbon acetyl residues derived from
carbohydrate, fatty acid or amino acid metabolism.

The cycle yields CUZ and H* jons.

The latter are led

via the electron transport system to molecular oxygen.

Figure 3

The citric acid cycle in relation

to cell respiration




2-ketoglutarate

dehydrogenase
CoA SH + 2-ketoglutarate > succinyl CoA + Cog + HY
NAD NADH

The Km of the enzyme for CoA'is 10-7M and for 2-ketoglutarate 1.3
x 1079M (Massey, 1960). Although both are low and 2-keto[l4c]
glutarate is commercially available, the enzyme 2-ketoglutarate
dehydrogenase is difficult to obtain. In the abseﬁce of exogenous
2-ketoglutarate dehydrogenase the assay of ALA synthase using
2—keto[14C]g1utarate as substrate would be subject to fluctuations
in the activity of endogenous 2-ketoglutarate dehydrogenase. This
woul& then enable reduced 2-ketoglutarate dehydrogenase activity

to effect an apparent reduction in ALA synthase activity.

Conversion of succinate to succinyl CoA:
Succinate thiokinase (STK) (EC 6.2.1.5.) catalyses the reversible
conversion of succinate to succinyl CoA in the presence of Mg**

and triphosphate.

COOH COOH
{ , Mgt* l
CHy ~+  CoA /\‘“‘—‘ﬂ CHy
P
CHp ATP ADP CH,
l I
COOH 0 C - S - CoA
Succinate Succinyl CoA
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The apparent Km of ALA synthase for succinate and CoA in an assay
system containing exogenous STK and partially purified ALA
synthase was 3.3 x 107oM (Bisﬁop et al, 1982). [14C]f§uccinate is
used more frequently than 2-keto[14C]glutarate for the measurement
of ALA synthase activity. Radioactive succinate is cheap and
stasie. In addition GTf dependent porcine STK is readily
available and so allows with ease the addition of an exogenous

succinyl CoA generating system.

With each particular tissue under study however the need for
provision of such a system should be determined. The assay of ALA
synthase in human reticulocytes, (Strand et al, 1972) in crude

liver homogenates from mice and humans but not from rats requires
an exogenous succinyl CoA generating system for maximal activity

(Bonkowsky and Pomeroy, 1978).

Furthermore with a view to maximising the conversion of
[l4c]-succinate to [140]—succiny1 CoA during incubation, citric
acid cycle inhibitors and potassium fluoride may be added to the

reaction mixture (Ebert et al, 1970; Strand et al, 1972).

Citric acid cycle inhibitors and potassium fluoride:

Sodium malonate (10mM), sodium D1 - malate (5mM) and antimycin A
(2.5 ug/ml) respectively can be used to inhibit succinate
dehydrogenase, trap [14C]—ma1ate and block the electron transport

chain. These would effect inhibition of the citric acid cycle and

| might maximigg»[140]-succinate availability for STK (Brooker et

17



al, 1982). It has been shown that mitochondrial synthesis of
succin&l CoA from 2-ketoglutarate may be prevented by inhibition
of 2-ketoglutarate dehydrogenase with arsenite (Granick and Urata,
1963). Arsenite has been used with [14C]-succinate based assays
of ALA synthase to inhibit synthesis of’cold succinyl CoA from
endééénous 2-ketoglutarate and so preﬁent dilution of the
[140]-succiny1 CoA with cold succinyl CoA (Ebert et al, 1970). Im
practice however arsenite is infrequently used as it also inhibits
ALA synthase activity (Irving and Elliott, 1969; Ebert et al,
1970) and presents a hazard €;6m its use in the chemical

laboratory (Muir, 1977).

The addition of potassium fluoride (100 mM) to the reaction
mixture has been found to produce a twofold increase in measurable
ALA synthase activity in liver homogenates (Yoda et al, 1975).
Fluoride is thought to inhibit ATPases and GTPases which might
limit the effect of triphosphate dependent STK and so restrict

succinyl CoA generation.

In principle inhibitors are used to maximise [14¢c]-succinate
utilisation by STK and promote this route as the only source -of
succinyl CoA in the assay system. It is however, thought that the
use of an exogenous succinyl CoA generating system may make the

addition of these inhibitors unnecessary (Bishop et al, 1982).
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In view of the instability and the expemse involved in the
preparation of [14C]-succinyl CbA and the high Km value of ALA
synthase for [14C]—g1ycine, neither radiochemical was used. Both
[14¢]-succinate and 2—keto[14C]g1utarate were chosen for this
stuéy to examine their suitability for measuring bone marrow ALA

synthase activity.

2.5 SPECIFIC ISOLATION OF AILA

The greatest source of error in the radiochemical measurement of
ALA synthase activity lies in the inability of methods to
specifically isolate [14C]-ALA from other radioactive substances
in the eﬁzyme reaction mixture (Patton and Beattie, 1973). The
first radiochemical assay developed combined single column ion
exchange chromatography with solvent extraction of ALA pyrrole by
ethyﬂ;cetate as a means of isolating radioactive ALA (Irving and
Elliott, 1969). The method of separation was modified and made
more simple by Ebert et al (1970) and so a rapid and sensitive
radiochemical assay became available for use with tissues such as
human bone marrow only available in small quantities. The
introduction of a sequential multicolumn ion exchange procedure
improved specificity (Strand et al, 1972) but replaced simplicity
with a technique that was tedious and liable to produce
significant variability in ALA recoveries from duplicate samples
(Schacter et al, 1976). With partially purified preparations of
enzyme the number of ion exchange fractionations may be reduced
(Aoki et al, 1974). However, incomplete separatiomn of [l4c]-ALA

from other radioactive compounds has remained a problem with
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assays using mitochondria or crude liver homogenates (Bishop and
Wood, 1977 ; Managa et al, 1978; Wolfson et al, 1980)7 A modified
Beckman aminoacid analyser has been used to improfe separation
(Bishop and Wood, 1977) and "clean up" procedures have been
developed to rid commercial fadioacti&e succinate of impurities
that might contaminate isolated [14Cc]-ALA (Condie et al, 1976;
Bishop and Wood, 1977; Brooker et al, 1982). Sodium dodecyl
sulphate used in place of trichloroacetic acid to stop the
reaction eliminated contaminants that separated with ALA during
ion exchange chromatography but reduced enzyme activity and
produced variable recovery of the internal standard (Scotto et al,
1983). With assays using [14C]-glycine (Freshney and Paul, 1971)
high voltage paper electrophoresis can be used to separate
[14C]-ALA from [14C]-glycine (Rutherford et al, 1979). The
application of reverse phase (RP) HPLC to the assay of ALA
synthase was first described by Tikerpae et al (1981). As RPHPLC
was seen to offer a simple and rapid meaﬁs of isolating [l4C]-ALA
and also allow for the incorporation of internal standard in each
sample it was decided to investigate RPHPLC as a means of
achieving single column separation of [149]—ALA without need for

ether extraction or freeze drying (Tikerpae et al, 1981).

2.5.1 Principles of HPLC

Liquid chromatography is a widely used chemical separation method
based on interactions between solutes, liquid mobile phase and
solid stationary phase. Separation takes place in a column

containing the chromatographic material (ie the stationary phase)
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in the form of small pérticles. The liquid solvent (ie the mobile
phase) is pumped through the particle bed. This arrangement
allowsésample components dissolved in the,mosile phase to interact
in a rgversible manner with the stationary phase. Separation is
achieved on the basis of the relative affinities of the different
sample components for the stationary and mobile phases.

Components with a strong affinity for the stationary phase will
elute later than those with a greater affinity for the mobile

phase.

HPLC differs from classical chroﬁatography in that the system
operates under high pressure and has been optimised to increase
speed, resolution and sensitivity. The set up for HPLC requires
that a delivery system is connected to the chromatography column
in order to feed it with fresh mobile phase. The system consists
of a solvent reservoir and a pump capable of pumping under high
pressure (6000 psi) and producing an even flow of mobile phase
through the column without pulsation. The sample to be

chromatographed is applied as a precise volume via the sample

P . oo . .
Qfa injector which is positioned just prior to the column. After

passing through the column the separated sample components are
monitored by a detector and collected by a fraction collector (LKB

1982).

The detector

ALA pyrrole formed by the condensation of ALA with

{
;3 ethy{%cetoacetate may be detected by UV spectrophotometry at

21



252 nm (Tikerpae et al, 1981). UV absorption is a molecular
property and thus each compound will have its own specific
absorbance. UV detectors are sensitive to the nanogram level of

detection.

2.5.2 Principles of reverse phase HPLC

RPHPLC utilises differences in the solubility properties of
compounds in a sample to achieve separation. Substances that show
little solubility in water but which are readily soluble in
organic solvents are called hydrophobic; organic solvents
themselves are hydrophobic. On the other hand hydrophilic
substances are readily soluble in water but noé)in organic
solvents. In RPHPLC the mobile phase is always more hydrophilic

than the statiomary phase and so hydrophilic compounds will always

move faster than hydrophobic omes.

The ability of the stationary phase to effect separation may be

influenced in three different ways.

1. Alter the hydrophobicity of the stationary phase.

2. Alter the hydrophilic properties of the mobile phase. This
may be done by altering the amount of organic solvent in the
mobile phaée.

3. Alter the hydrophobicity of the compounds in the sample to be
separated. This may be done by:

1. altering the pH, or

2. adding an ion-pairing agent to the mobile phase.
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Types of stationary phase:

In RPHPLC silica particies covered with chemically bonded
hydrocarbon chains represent the hydrophobic stationary phase.

The retention of hydrophobic compounds is related to the length of
-ghe hydroca£bon’sidechains. A bonded sidechain with 18 carbon
atoms (a C18 layer, ODS) is mére hydrophobic than a C8llayer which
in turn is more so than a €2 layer. RPHPLC columns é?e available
with any one of these three packings. The C18 packing provides

maximum resolving power for hydrophobic compounds.

"Hydrophobicity of the sample:

Ionic compounds show low hydrophobicity because of the hydrophilic
character of charged groups. These charges may be neutralised by
the use of buffers or by the addition of ion-pairing agents which
form electrostatic complexes with charged components in the
sample. The ion—pairiﬁg agent is bulky and the ion-ion bond
formed will be shielded by the rest of the molecule so rendering

the complex considefably more hydrophobic than the separate parts.

2.6 INCUBATION MEDIUM FOR ALA SYNTHASE ACTIVITY

The composition of the ideal incubation medium used in an assay of

enzyme activity is such as to allow maximum product synthesis.

The pH profile for ALA synthase activity has shown a broad opti%af’ t

around 7.4 (Strand et al, 1972), 7.5 (Bishop et al, 1982) and 7.6

for highly purified enzyme (Nakakuki et al, 1980). Enzyme
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activity is almost univérsaliy.measured between pH 7.2 - 7.6 and
pH of 7.4 was chosen for use in this work without further
experimentation. The acetate buffering system already

successfully used for ALA pyrrole isolation with RPHPLC was also

adopted (Tikerpae et al, 1981).

In principle the reaction mixture should contain all reagents
required for the conversion of [140]—substrate to [l4c]-ALA.
Ideally these reagents should also be present at saturating
levels. The [140]—ALA formed during the reactiomn should be
preserved and its further metabolism by ALA dehydratase
inhibited. The need for individual constituents in the reaction

mixture will be discussed.

2.6.1 Sucrose

Sucrose is commonly present in the incubation medium (Rutherford
et al, 1979; Wolfson et al, 1980; Tikerpae et al, 1981) as it is
thought that sucrose may provide osmotic stability for ALA

synthase during tissue homogenisation.

2.6.2 Glycine .

Glycine is the immediate substrate for ALA synthase. It has been
shown that the enzyme in bone marrow is saturated with 25 mM
glycine.(Bottomley et al, 1973). A concentration of 50 mM
glycine, as was used in previous studies (Irving and Elliott,
1969; Tikerpae e£ al, 1981; Ibrahim &t al, 1982) was chosen for

this work without further experimentation.
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2.6.3 Pyridoxal phosphate

Although PLP is an essential cofactor for ALA synthase, exogenous

PLP may not be necessary for the detection of maximum enzyme

activity in normal bone marrow (Bottomley et al, 1973). 1In

situations in which it has been required for maximum enzyme

activity 0.1 mM PLP has been shown to be saturating (Irving and

Elliott, 1969; Bishop et al, 1982). For this study 0.4 mM PLP was

used.

2.6.4 2—ketol14C|g1utérate

2-keto[l4C]lglutarate has been used for the detection of ALA
synthase activity in liver (Ebert et al, 1970) and in bone marrow
(Bottomley et al, 1973; Konopka and Hoffbrand, 1979; Tikerpae et
al, 1981). The saturating concentration of 2-ketoglutarate for
the detection of ALA synthase activity in both tissues has been
shown‘to be 0.17 mM and was ﬁsed at this concentration in those

éamples to which 2—keto[14C]g1utarate was added as substrate.

2.6.5. Mgtt

STK requires Mg** as an essential cofactor (Ramaley et al, 1967).
With the use of [l4C]-succinate as substrate MgCl, was present in
the incubation medium at 20 mM while a concentration of 5 mM MgCl,

was used with 2-keto[14C]g1utarate.

The concentration of the other reagents in the incubation medium

was individually optimised for maximum ALA synthase activity.

Their inclusion in the medium will be discussed here, but the
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experimental work carried out to determine their optimum

concentration will be reported in Experimental and Results.

2.6.6 EDTA

EDTA was added to inhibit ALA dehydratase and so prevent the
coﬁdensation of ALA formed during incubation to the monopyrrole,
porphobilinogen. EDTA inhibits enzyme activity by chelating Zntt
(Bevan et al, 1980). Failure to inhibit ALA dehydratase leads to
loss of ALA via ALA utilisation in assays of both liver and bone
marrow ALA synthase. ALA utilisation in liver is abolished with
1 mM EDTA (Ebert et al, 1970; Strand et al, 1972) but persists
despite EDTA with the assay of erythroid ALA synthase (Strand et

al, 1972; Bottomley et al, 1973).

There are other known potent inhibitors of ALA dehydratase such as
sodium laevulinate, Pb** and succinylacetone. Only sodium
laevulinate has been used in the assay of ALA synthase activity
and only then in intact cultured liver cells (Sinclair and
Granick, 1977). Succinylacetone is a profound and specific
inhibitor of hepatic and erythroid ALA dehydratase (Tschudy et al,
1981; Sassa and Kappas, 1983). The effect of EDTA and
succinylacetone on ALA utilisation and ALA synthase activity is

reported in Experimental and Results.
2.6.7 CoA

CoA may be added to the incubation medium for assays that use

either [14C]-succinate or 2-keto[l4Clglutarate as it is required
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by both for the formation of [14C]—succiny1 CoA. The amount of
exogenous CoA required for maximum ALA synthase activity is
dependent upon the nature of the tissue under study. With crude
liver homogenate exogenous CoA is not required for maximal ALA
synthase activity (Ebert et al, 1970). For those experiments in
which 2—keto[14C]g1utaric acid was used as substrate, CoA was
added to a final saturating concentration of 0.25 mM (Tikerpae et

al, 1981).

2.6.8 [14¢]-Succinate

The use of [1#C]-succinate as substrate requires either that
adequate amounts of [14C]—succiny1 CoA are generated by the tissue
itself or that an exogenous succinyl CoA generating system be
provided. Commercial STK is GTP dependent. The optimum combined
concentrations of [140]—succinate, CoA, GTP and STK for maximal

ALA synthase activity %ﬁ reported. in Experimental and Results.

2.7 TISSUE PREPARATION

2.7.1 Mitochondria or crude tissue homogenate

ALA synthase activity may be méasured in mitochondrial fractions,
in partially purified preparations of the enzyme or in crude\
tissue homogenaté. Although it is desirable to detect functional
ie mitochondrial ALA synthase, the loss of mitochondria during
preparation has led to the suggestion that only crude tissue

homogenate should be used when small amounts of tissue are
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available (De Matteis and Hollands, 1982). In view of the small
size of marrow samples crude tissue homogenate was used for all

experiments.

2.7.2 Tissue homogenisation

Ultrasonic disintegration is used by most workers as a means of
tissue preparation. It has been claimed that membrane
solubilisation with deoxycholate in addition to sonication can
increase detectable enzyme activity (Aoki et al, 1974). Both

methods of preparation were tested and the results are reported.
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EXPERIMENTAL AND RESULTS

The aim of this work was to develop a simple single column RPHPLC
ﬁethod for specifically isolating ALA pyrrole, without solveﬁt
extraction, for use in the assay of ALA synthase activity. With
respect to the assay itself it was aimed to identify either
2-keto[l4Clglutarate or [14C]-succinate as the more suitable
radiochemical and determine the optimum conditions under which

enzyme activity might be assayed.

It was at the outset decided that the reaction would take place in
a a final volume of 0.5 ml in plastic eppindorfs at 37°C in a

shaking water bath set to 60 rpm.

2.8 CHROMATOGRAPHIC PROPERTIES OF ALA PYRROLE

ALA pyrrole was prepared by the method of'Mauzerail and Granick
(1956) and was identified as 2-methy1—3-carbethogy—4-(3—propionic
acid) pyrrole by nmr spectroscopy. The chromatographic properties
of the pyrrole dissolved in 50% (V/v) aqueous methanol were
examined qﬁing a Cl18 RPHPLC column. Thg percentage concentration
of aqueous methanol in the mobile phase was alteéed so as to\
determine the most useful concentration for routine use. Eluted
pyrrole was detected by a UV spectrophotometer set to 252 nm and
o -

s Ty
: l.OiAUFS, collected in 30 sec fractions on the fraction collector,

"~ x’('
et

> ‘
"{» and vas identified by its reaction with modified Ehrlich reagent.
v

b
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With 35% (V/v) aqueous methanol and 0.005 M heptane sulphonic acid

(ion-pairing agent) as mobile phase, flow rate 1.5 ml/min, ALA
D .

pyrrole/eluted over a 90 sec period between 8 and 9 min as a

single sharp peak (Fig 4). The peak height was directly related

to the volume of pyrrole solution injected.

Both 2j§§to[14C]-g1utarate and [14C]—succinate eluted at the
solvent front. Injection of 25,000 cpm of either [l4C]-succinate
or 2—keto[14C]-g1utarate with the prepared pyrrole showed that the
cpm eluted completely within 2 minutes, with no radioactive
contamination of the cold ALA pyrrole peak. Injection of 250,000
cpm of either radiochemical, still considerably less than the cpm
required for an individual assay, produced significant radioactive
contamination (300-400 cpm) in the cold ALA pyrrole peak
(background 15-20 cpm). This indicated that RPHPLC would not by
itself achieve sufficient separation of ALA pyrrole from the large
number of cpm in the radiochemical substrate required to detect

ALA synthase activity.

With aqueous methanol 10% (V/v) as mobile phase for RPHPLC, ALA
pyrrole did not elute within 30 min. This prolonged retention of
ALA pyrrole on a C18 column at low methanol concentratiom in the
mobile phase indicated that disposable C18 cartridges might
achieve partial ALA pyrrole isolation prior to complete and
specific isolation by RPHPLC., There are various Cl8 cartridges
available, however the froduct of Waters Associates (Sep-pak

cartridge) was chosen for use.
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2.8.1 Trial of Sep—pak cartridge

ALA added to the incubation medium of Tikerpae et al (1981) was

Al

S , ) ,
converted to ALA pyrrole by reaction with ethxlacetoacetate.

‘0.05 ml of ALA solution (5 mM) was added to 0.45 ml of incubation

medium. Tri;ﬁloroacetic acié (TCA) (10%) 0.25 ml was added and

the pH brought to 5.3 by the adéition of 0.5 ml sodium acetéte_

(1 M). Ethylacetoacetatqﬁ@.OS m%}was added and the mixture heated:
to 100°C for 20 min in a loosely capped (capped with a marble)
glass boiling tube. The tube was cooled rapidly in ice and water

to 5 ml was added.

A C18 Sep-pak cartridge was activated by the successive injection
of acetonitrile{io mii water /5 mlz methanol 5 ml and water 10 ml.
The ALA pyrrole solution was then injected through the cartridge
at the rate of 5 ml/min (Fig 5). The ALA pyrrole solution and the
Sep-pak eluant were reacted with modified Ehriiéh reagent. ALA
pyrrole was completely retained by the Sep-~pak. Elution and 100%
recovery of the pyrrole was obtained by injecting 3.0 ml of
methanol through the cartridge. Each cartridge.could be used four,
times without deterioration and ALA pyrrole was shown to remain

stable during the evaporation of the methanol under N; at 35°C.

5 x 100 cpm of either [14¢c]-succinate or 2-keto[l4C]-glutarate

were added to the ALA pyrrole solution. Less than 20,000 cpm were
retained on the Sep—pak. This indicated the potential use of the
Sep-pak cartridge as a means of partially isolating ALA pyrrole

prior to RPHPLC.
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Figure 5: The use of Sep-pak cartridge for
partial isolation of [ 14Cj-AlA
pyrrole from [14C]-substrate



Drying the Sep—-pak:

For use within an assay system a technique was required which
would dry the Sep-pak completely before the elution of ALA pyrrole
in methanol. Failure to achieve complete drying of the Sep-pak

was shown to prolong the stage of methanol evaporation.

It was shown that ALA pyrrole bound to the C18 Sep-pak was stable
during drying of the Sep—pak under nitrogen blown through the
cartridge or under air drawn through the cartridge by attachment
to a benchside vacuum pump. Both methods produced a dry Sep-pak
within 5 min and for convenience the vacuum method was adopted for

regular use.

2.9 CONVERSION OF ALA TO ALA PYRROLE

ALA pyrroles may be produced from acetylacetone, succinylacetone,
methyl#cetoacetate or ethylﬁcetoacetate. Tikerpae et al (1981)
reported that the pyrrole prepared from ethylacetoacetate had the
most suitable characteristics for rapid successive applications to
the RPHPLC column. The RPHPLC properties of the ALA pyrroleé
prepared from ethyygcetéacetate and acetylacetone were examined

/
under identical conditions.

Either ethy%&cetoacetate (0.05 ml1) or acetyiacetone (0.05 ml) was
added to incubation medium (0.5 ml) (Tikerpae et al, 1981),
containing 5 mM ALA (0.05 ml), 10% TCA (0.25 ml) and 1 M sodium
acetate (0.5 ml). ALA pyrrole was p?epared for RPHPLC as
described (Section 2.8.1). Methanol from the sep-pak was

(§
evaporated and ALA pyrrole was resuspended in 0.1 ml methanol(é?%

(V/v) from which 0.05 ml was taken for HPLC.
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There was no loss of pyrrole at the Sep-pak stage and both
éyrroles eluted at approximately the same time from the column.
However, acetylacetone pyrrole peak height was well off the scale
set to record eluted ethylécetoacetate pyrrole (252 nm,

1.0 AUFS). In view of this effect it was decided to continue
further work with ethy}acetoacetate pyrrole.

1

2.9.1 Formation of ethylacetoacetate pyrrole

The effect of ethy}ﬁcetoacetate on ALA pyrrole production was

examined.

5 mM ALA solution (0.05 ml) was added to glass boiling tubes
containing incubation medium (0.5 ml) (Tikerpae et al, 1981),

10%Z TCA (0.25 ml), IM sodium acetate (0.5 ml) at a final pH 5.3.
Both the effect of ethylgcetoacetate and time of heating to 100°C
on ALA pyrrole producti;h were assessed. Each tube was immersed
in boiling water, rapidly cooled in ice then diluted with water
(5.0 ml1). Thereafter each sample was diluted a further 1 in 4;
with water and reacted with equal volumes of modified Ehrlich

reagent. The OD was read at 555 nm after standing for 15 min.

The amount of pyrrole formed after boiling for 10 min with 0.05 ml
ethylgcetoacetone was 827 of that formed at 20 min. With

0.1 ml, pyrrole formation at 10 min was the same as that at

20 min. The effect of altering the volume of ethylgcetoacetate

with boiling for 20 min was examined (Fig 6).
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Maximum pyrrole formation occurred with the addition of 3 0.05 ml
ethylacetoacetate which was adopted with a 20 min boiling period

for routine use.

The effect of pH on ALA pyrrole formation was checked by altering
the concentration of sodium acetate from 1.0 M to 2.0 M. It was

found to be independent of pH over the range 5.3 to 6.5.

The extinction coefficient for ethyﬁacetoacetate pyrrole is

7.2 x 104 molar (Mauzerall and Granick, 1956). Use of the formula

oD

Concentration (M) =
' Extinction Coefficient (M)

confirmed that under the conditions described ALA conversion to

ALA pyrrole was 100%.

2.10 THE FINAL STEPS ; FROM REACTION TERMINATION TO RPHPLC

These experiments established a method for reaction termination,

ALA conversion to ALA ﬁyrrole and pyrrole isolation by RPHPLC.

The method may be summarised as follows:

1. Terminate the ALA synthase reaction (final volume 0.5 ml) by
the addition of 10% TCA (0.25 ml). ‘

2. Add internal standard (0.05 ml 4 mM cold ALA) (section 2.11)
and adjust the pH to 5.3 by the addition of 1 M sodium
acetate (0.5 ml).

3. Spin down precipitated protein at 12,000 g for 2 min in an

.eppindorf centrifuge and transfer the supernatant to a 10 ml

capacity glass boiling tube.
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4, Add ethyygcetoacetate (0.05 ml), loosely cap the boiling
tube and heat to 100°C for 20 min.
5. Cool in ice, add water to 5 ml and inject the pyrrole

éolution through an activated Cl18 Sep-pak cartridge.
6. Dry the Sep-pak by attachment goja benchside vacuum and
" elute the pyrrole in mefhanol (3 ml).
7. Evaporate to dryness under Ny in a heating block at 3§°C and
resuspend the pyrrole in 50% (V/v) aqueous methanol
v(O.l ml). Thereafter 0.05 ml mayvbe taken for RPHPLC.
Collect the column eluate in 30s fractions (0.75 ml), add
scintillant (8.0 ml) and count B emissions on a liquid‘

scintillation counter.

2.11 ALA RECOVERY

The use of RPHPLC permits the addition of iarge amounts of cold
ALA (internal standard) at the end of incubation to each '
individual sample to assess ALA recovery. The ALA pyrrole peék
height recorded with 0.05 ml 4 mM ALA (200 nmol), was
approximately 80%Z of the maximum recorder deflection
(spectrophotometer set to 252 nm and 1.0 AUFS). As ALA synthase
activity in human bone marrovw is in the pmol per hr range the
[14C]-ALA synthesised during incubation (pmol) would not
contribute significantly to the recorded pyrrole peak height,
which would reflect the conversion of cold ALA to ALA pyrrole.

200 nmol cold ALA was chosen as internal standard for routine use.
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The percentage recovery of internal standard was calculated by
édding [14c]1-ALA (0.025 uCi, 0.6 nmol) to E%pgﬁdorfs containing
incubation medium without either bone marrow cells or radioactive
substrate. These gfpgndorfs were treated in an identical fashion
to those containing test marrow and the ALA pyrrole from these
recovery samples was taken for RPHPLC. From the recorded cpm in
the 0.025 uCi [l4c] A1aA, recovery was calculated as the percentage
cpm recovered in the ALA pyrrole peak. .The graph relating
percentage recovery to pyrrole peak height was linear and the peak

height corresponding to 100%Z recovery was read off.

2.12 ALA UTILISATION

Loss of [1%4C]-ALA resulting from its metabolism during the assay
of ALA synthase is called ALA utilisation. Thé effect of cell

number on ALA utilisation was assessed.

Homogenised bone marrow cells 2-40 x 106 per 0.5 ml were prepared
in incubation medium containing EDTA 10 mM (Tikerpae et al,
1981). Each concentration of bone marrow cells was prepared in
quadruple. [14C]-ALA 0.0025 uCi (65 pmol) was added to one pair
and 0.005 uCi (130 pmol) to the other. From these pairs on;
g;pindorf was incubated for zero time and the other for 60 min at
379C. The percentage ALA utilisation for each sample was

calculated from the cpm in ALA pyrrole at zero time and 60 min,

corrected to 100% recovery of internal standard.
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The results show (Fig 7) that ALA utilisation was linear with cell

number and similar with both 65 and 130 pmol of [140]—ALA.

A linear loss of [l%4C]-ALA during incubation was also found by
ﬁbert et al (1970) ﬁsing increasing concentrations of liver
ﬁomogenate in medium without EDTA. EDTA has been shown to inhibit
ALA utilisation in liver but not in erythroid tissue (Strand et
al, 1972; Bottomley et al, 1973). Further assessment of ALA

o LA
utilisation was carried out using 130 pmol [14c]-ALA.

2.12.1 The effect of succinylacetone on ALA utilisation

The effect of succinylacetone on ALA utilisation was assessed by
adding 0.005 uCi (130 pmol) [14C]-ALA to 50 x 10® homogenised bone
marrow cells in 0.5 ml incubation medium (Tikerpae et al, 1981)
containing succinylacetone but no EDTA. The effect was compared
with the ALA utilisation that occurred with incubation medium
containing EDTA 10 mM but no succinylacetone. The marrow
homogenate concentration used was high (50 x 10® bone marrow
cells/0.5 ml) to ensure significant ALA utilisation in the absence

of succinylacetone.
With incubation medium containing EDTA (10 mM) 70% utilisation

occurred at 60 min. In the absence of EDTA ALA utilisation was

completely inhibited by succinylacetone » 0.01 mM (Fig 8).
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2.13 CALCULATION OF RESULTS

With each assay ALA recovery samples were run in parallel so that
the peak height corresponding to 100Z recovery of the internal

standard might be calculated.

2.13.1 Control tubes

The cpm in the ALA pyrrole region resulting from contaminating
2—keto[14C]g1utarate, [14C]-succinate or radioactive metabolites
were determined for each batch of samples assayed; Control tubes
contained radioactive substrate incubated with bone marrow either
for zero time and treated as described, or for 60 min at 37°C

without the subsequent addition of ethylacetoacetate.

2.13.2 Enzyme activity calculation

For each individual sample assayed, the cpm in the ALA pyrrole
region was corrected for background and for 100% recovery. For
those few samples in which ALA synthase activity was measured in
the absence of succinylacetone, further correction for ALA
utilisation was required.

The ALA synthase activity in each gfﬁindorf was calculated féom

the formula

| ' Corrected cpm in ALA pyrrole
pmol ALA/Gppindorf/h = P i

cpm/pmol [l4c]-substrate

Enzyme activity was then related either to the total cell count or

to the erythroblast content of each sample.
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2.14 PREPARATION OF TISSUES

2,14.,1 Sonication procedure

The optimum sonication procedure for the fecovery of ALA synthase
activity was determined using 2—keto[14C]—glutarate (0.17 mM) with
incubation medium optimised for use with this substrate (Tikerpae
et al, 1981). Sonication was carried out in the small plastic
tubes used by the Kemtek 3000 autoanalyser for radioimmunoassay
analysis in many departments of Medical Biochemistry in this

country.

120 x 108 bone marrow cells were obtained at sternotomy. The
cells were washed and pellets of 20 x 106 cells were prepared in
six individual Kemtek tubes. Incubation medium (1.5 ml) was added
to each tube. The tubes were placed in ice and the cells were
distributed using a MSE 150 KW ultrasonic disintegrator fitted
with a 1/8" titanium probe. Amplitude was set to 15 microns in

air which dampened to 12 microns in incubation medium.

The reaction was terminated at 60 min and the samples treated as

described. ALA synthase activity per Ebpﬁﬁdorf was calculated.

The optimum sonication procedure was 3 x 57 pulses (Fig 9). The
activity recovered with one 15 sec pulse of sonication (not shown)
was 30% less than that found after 3 separate pulses of 5-sec.

The latter procedure was chosen for routine use.

39



1000

800+

600 -

400

ALA Synthase activity
(pmol ALA/eppindorf/h)

2004

, L
0 1x5' 2x5'  3x5'"  4x5'
Sonication time(sec)

Note: ALA synthase activity was assessed using

2-keto[14C]glutarate. Each point represents
the mean of two observations. :

-~ Figure 9: The effect of ultrasonication on ALA
synthase activity in human bone marrow




~

O'IM'*V\» &

e,

J——

2.14.2 The effect of deoxycholate

Aoki et al (1974) reported increased ALA synthase activity when

Yy - s . .
bone marrow was prepared using a combination of sonication and
membrane solubilisation with deoxycholaté. Deoxycholate 0.5% was

.,{ ,L,Jl/r‘i‘:’
. . . L . . N
added to incubation medlum‘pnlor‘éo sonication and enzyme activity

Nalls
was determined using both 2-keto[l4C]-glutarate (0.17 mM) and
7
[l4C]-succinate (2.0 mM). The incubation medium for

[14¢]-succinate contained an exogenous succinyl CoA generating

system (MgCly 20 mM, GTP 2.5 mM, STK 0.5 U, final pH 7.4 at 37°C).

The addition of 0.5% deoxycholate to the incubation medium
abolished ALA synthase activity with both succinéte'and
2-ketoglutarate. This was not due to a pH effect which remained
unchanged at 7.4 with deoxycholate. ﬁo further experiments with
membrane solubilisation were attempted and the method of sample

preparation with sonication alone adopted for future use was as

follows.

1. Prepare the marrow cell pellet in Kemtek tube.

2. Remove supernatant and add 1.5 ml incubation medium.

3. Pack tube in ice.

4, Disrupt cells using MSE 150 KW ultrasonic disintegrator.

Set amplitude to 15 microms in air and apply 3 x 5 sec

pulses.
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2,15 CHOICE OF [l4C]-SUBSTRATE

2.15.1 Use of 2-ketoglutarate dehydrogenase

Z—Egtoglutarate dehydrogenase was obtaine& from Sigma Chemical
Company and was tested for its suitability for use in fhe assay of
ALA synthase using 2-keto[14C]g1utarate. Incubation medium
(Tikerpae et al, 1981) containing NAD (1 mM) was used to allow

conversion of 2-ketoglutarate to succinyl CoA (see section 2.4.1).

To examine this commercial enzyme preparation for contaminating
ALA synthase activity, enzyme solution (0.5 U) was incubated with
2-keto[14C]glutarate (0.17 mM, specific activity 6 Ci/mol) in NAD
supplemented incubation medium. A control eppindorf without

2-ketoglutarate dehydrogenase was run in parallel.

The cpm in the ALA pyrrole fractions from the control sample was
20 cpm. In the test sample however the total cpm in the ALA
pyrrole region was 2,200 cpm. This suggested that the enzyme
preparation contained ALA synthase activity. As a result no
further experimentation with 2-ketoglutarate dehydrogenase was

attempted.

2.15.2 |14C|—€%ccinate V’s 2-keto[l4C]lglutarate

[140]4éhccinate and 2-keto[l4Clglutarate were examined to
determine the more suitable substrate for use in the assay of bone

marrow ALA synthase.
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Optimum conditions for the measurement of enzyme activity with
2-keto[14C]g1utarate were used. Incubation medium was thét
described by Tikerpae et al (1981) with a final concentration. of
0.17 mM 2—ket§[1éc]g1utarate (sfecific activity

6 Ci/m§1). Incubation medium for [14C]l-succinate (specific
activity 3.0 Ci/mol), at a final concentration 2 mM, was
supplemented with an exogenous succinyl CoA generating system

containing MgCly 20 mM, GTP 2.5 mM and STK 0.5 U.

ALA synthase activity detected with 2—keto[14C]g1utarate was

200 pmol ALA/10® erythroblasts/h and with [14C]-succinate was
440 pmol ALA/106 erythroblasts/h. Control counts were 3 x above
background with [14C]-succinate and 2 x above background with
2-keto[l4C]glutarate. This reflected the fivefold greater cpm

added as [l4C]-succinate than as 2—keto[14C]glutarate.

These results indicate that under conditions optimised for
2-keto[14C]g1utarate, the use of [140]-sﬁccinate with minor
modifications to the incubation medium had doubled the semnsitivity
of the assay. Similar results have been reported with the study
of hepatic ALA synthase (Ebert et al; 1970). In view of these
findings and the‘relativevease with which commercial high purity
STK may be obtained, [14C]-succinate was used for all future

experiments.
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2.15.3 Use of STK

There are two available commercial preparations of STK. Both are
éTP dependent, require Mg*t as cofactor and are prepéred from
pércine heart. The preparation from Sigma is available as a
lyophilised powdér whereas that from Boehringer Mannheim is an

enzyme suspension in saturated ammonium sulphate.

Under identical conditiomns, in incubation medium containing MgCl,
20 mM and GTP 2.5 mM, 0.5 U of STK in ammonium sulphate was shown
to ‘reduce ALA synthase activity to 70Z of that found with
lyophilised STK resuspended in incubation medium. It was felt
likely that this reduction in enzyme activity resulted from the

addition of saturated ammonium sulphate.

STK 0.5 U (Sigma) was added to incubation medium (0.5 ml)
containing MgClg 20 mM, GTP 2.5 mM and [14C]-succinate 2 mM
(specific activity 3 Ci/mol). The mixture was incubated for

60 min at 37°C. The presence of STK in the incubation medium did
not increase the cpm in the ALA pyrrole beyond the background cpm
of a similar sample incubated without STK. This indicated that
STK (Sigma) was free of ALA synthase activity and this preparation

was used for all further experiments.

2.16 OPTIMUM CONDITIONS FOR THE MEASUREMENT OF BONE MARROW ALA

SYNTHASE ACTIVITY USING |14Q|—§UCCINATE

The optimum concentration of reagents in the incubation medium was

determined for maximum ALA synthase activity with [14¢]-succinate
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as substrate. In partfcular it was decided (i) to examine the
need for exogenous STK; (ii) to optimise the concentration of EDTA
and succinylacetone such that ALA utilisation might be inhibited
without loss of ALA synthase activity; (iii) to determine the
optimum concentrations of [l4¢]-succinate, CoA and GTP; and

(iv) to assess the need for citric acid cycle inhibitors in the

medium. As the conversion of succinate to succinyl CoA requires

~ free Mgtt Mg012f20 mM)was added to the medium.

2.16.1 Need for exogenous STK

The addition of STK 0.5 U to bone marrow homogenate in incubation
medium containing MgCly; 20 mM, CoA 1.35 mM and GTP 5.0 mM produced

a 107 increase in ALA synthase activity (Figure 10).

2.16.2 Optimum concentrations of CoA, GTP, STK

The concentrations of CoA and GTP were altered with the pH
maintained at 7.4 at 379C. Marrow homogenate was incubated in
medium containing sucrose 250 mM, glycine 50 mM, GTP 2.5 mM, MgCls
20 mM, EDTA 10 mM, PLP 0.4 mM, Tris 40 mM buffered to pH 7.4 at
379C with KHoPOz4 50 mM and STK 0.5 U in a final volume of

0.5 mol. The conﬁentration of added CoA ranged from 0-1.35 mM
with pH maintained at 7.4 at 37°C, ALA utilisation was calculated

as described (section 2.12).

Maximum ALA synthase activity was found with CoA 1.35 mM (Fig 11).
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Figure 11: The effect of CoA concentration on
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Three separate GTP concentrations were tested to determine the
optimum GTP concentration in the incubation medium containing CoA

1.35 mM.
Maximum ALA synthase activity was found with GTP 5 mM (Fig 12).

In the final group of experiments the combined optima for GTP, CoA
and STK were determined. CoA, GTP and STK concentrations wére
altered with the pH maintained at 7.4 atA37°C. ALA synthase

' activity was determined in gpp{hdorfs each containing

approximately 15 x 106 bone marrow cells (Table 1).
The optimum combination of reagents for the detection of ALA
synthase activity in human bone marrow was GIP 5.0 mM CoA 1.35 mM

and STK 0.5 U in a final vol of 0.5 ml.

2.16.3 The effect of EDTA and succinvlacetone on ALA synthase

activity
Succinylacetone was shown to completely inhibit ALA utilisation
(section 2.12.1). The effect of both EDTA and succinylacetone on
ALA synthase activity was determined with a view to abolishing ALA

utilisation without loss of ALA synthase activity.

Incubation medium contained glycine 50 mM, MgCl, 20 mM, sucrose
250 mM, PLP 0.4 mM, CoA 1.35 mM, GTP 5 mM, Tris 40 mM buffered
with KHyPO4 50 mM to pH 7.4 at 37°C and 0.5 U STK in a final

volume of 0.5 ml. The effect of EDTA 10 mM and succinylacetone
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SAMPLE CoA GTP © STK ALA SYNTHASE

(mM) (mM) (U/0.5 ml) (pmol ALA/Eppindorf/h
1 0.65 2.5 0.5 3078
2 0.65 2.5 1.0 3098
3 0.65 5.0 0.5 3647
4 0.65 5.0 2.0 3507
5 1.35 2.5 1.0 3589
6 1.35 2.5 1.0 3642
7 1.35 5.0 0.5 4073
8 1.35 5.0 1.0 3933

NOTE: Incubation conditions are described in the text.
TABLE -1: The effect of CoA, GTP and STK

on ALA synthase activity
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0.1 mM was assessed with three marrow samples, two were taken from
normal subjects and one from a patient with chronic lead poisoning

(free erythrocyte protoporphyrin 360 ug/100 ml packed cells,

normal < 90, whole blood lead 45 ug/100 ml, normal < 40). From
each bone marrow sample three identical cell pellets were prepared
and assayed for ALA synthase activity in the presence of

a) 0.1 mM éuccinylacetone, zero EDTA

b) 0.1 mM Succinylacetone, 10 mM EbTA

¢) Zero Succinylacetone, 10 mM EDTA

In the absence of succinylacetone ALA utilisation was calculated

as described (section 2.12).

The results are shown in Figure 13, Neither EDTA 10 mM nor
succinylacetone 0.1 mM, separately or together, were shown to

inhibit ALA synthase activity and both were chosen for routine use.

2.16.4 Optimum succinate concentration

The optimum concentration of [14C]-succinate for the measurement

of bone marrow ALA synthase activity was determined.
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