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ABSTRACT

Inherited Glucose-6-Phosphate dehydrogenase (G6PD) deficiency
in humans results in hemolytic anaemia. The enzyme G6PD provices
a crucial link in a series of biochemical reactions which occur i
the red blood cell that leads to the steady state accuﬁulation
of NADPH, reduced glutathione by glutathione reductase, and the
removal of potentially dangerous organic peroxides which, if not
scanvenged, may result in the formation of radical species of
oxygen which damage the energy generation system, which in
turn may result in swelling, lysis and hemolytic anaemia. The
objective of this thesis was to investigate the human variants of
the enzyme G6PD in order to provide a better understanding of the
molecular basis of the enzyme activity and factors affecting
the onset of the human disease. Human Erythrocyte Glucose-6=
Phosphate dehydrogenase has been known to occur in many
genetic variants and the catalytic active enzyme of each
variant are tetramers and dimers in acidic and alkaline
solution respectively. The wuestion then is whether there
would be differences in the reactivities of these variants

and whether there are differences in the reactivities of the two



active forms of the enzyme from the same variant.

A comparative analysis of the kinetic and thermodynamic

studies of NADPY binding reactions of these variants under controlled
and well-defined experimental conditions of pH and ionic strength

was therefore undertaken. The binding reaction of NADP* to G6PD gh®
was also studied as a function of ionic strength of the buffers

in order to evaluate the effect of these variations in the buffer
system on the co-operative interactions of the Napp* binding sites
on the enzyme,

The findings show that there are two binding sites on each of
the enzyme variants and these were identified as imidazolium groups
of histidine and sulfhydryl groups. The logKm versus pH curves
show a broad plateau between pH 6.7 and 8.2 interrupted by a sharp
minimum at pH 7.1 for all the enzyme variants. An explanation of
this behaviour in terms of co-operative ionization of groups on the
enzyme and enzyme-substrate complex which may be linked to the
association -~ dissociation behaviour of the enzyme is proposed.

In agreement with G6P binding data, the plot of the enthalpy of the
dissociation of enzyme - NaDP* complex against pH shows the shape
of a two U-shaped curves consistent with the existence of a tetra-
meric form of enzyme at acidic pH and dimeric form at alkaline pH.

A similar plot of the activation energy of the reaction for each



variant shows a consistent decrease of the activation energy with
increase in pH, the activation energy ot the pH 5.8 being almost
halved at the alkaline pH of 9.0e This behaviour is explained

to arise from the dimer enzyme being more reactive than the

tetramer, -

There are two schools of thought about the existence and
nature of cooperativity among the NADP* binding sites on G6PD
subunitse The study reported in this thesis has unequivocally
solved the controversy between the two schools. It is now estabe
lished that the tetrameric form of the enzyme shows no coopera=
tivity while the dimeric form is cooperative. The diagreement
between the two schools of thought has been explained in the
variablc experimental conditions used by the workers in the two
schools, We have shown that an experimental condition that favours
tetramer formation therefore favours non-cooperativity while a
condition that favours dimer formation favours cooperativity.

The inhibition study by primaquine phosphate shows a complex

interaction of this effector with G6PD. There is activation of the
G6PD activity at low effector concentration and inhibition at high
concentration, This interaction may be due to oxidation of NADPH
at low primaquine concentration resulting in generation of mor:

NADP* which increases the activity of the enzyme. Such a situa-
tion might account for the increased hemolysis in variant subjccts
with low dr#*racellular NADPH concentration which will result in

low level of reduced glutathione. Reduced glutathione is

necessary for the maintenance of the integrity of the red cells.
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CHAPTER CN

INTRODUCTION

The principal objective in the study of biological macro=
molecules is the elucidation of the relationship between the physical
and chemical properties and biological function. Application of this
goal to the investigations of oligomeric enzymes and other proteins
has led to the recognition of some common phenomena which seem te
regulate the functions of these protéins and enzymese MeChanisms
proposed to explain the regulation of activity of many oligpmeric
enzymes place great importance upon interaction among the subunits
with attendant structural changes. Although our present knowledge
of the structure and subunit interaction in G6PD is very liImited,
we may assume as in other proteins that changes in the structure
of the enzymes are involved in the reéulation of the reactivity of
the molecule, The occurrence of genetic variants of the enzyme
affords us excellent opportunity to correlate the altered reacti-
vity of the variant enzymes to specific structural changes in terms
of the mutation in the different genetic variants of the human

erythrocyte enzymes,



- 23" =

Glucose~6=phosphate dehydrogenase (D-glucose-6-=phosphate:
NADP* oxidporeductase, EC 141.1.49) catalyses the initial step in
the pentose phosphate pathway of carbohydrate metabolism causing
reduction of NADP* to NADPHe The discovery that drug or food
induced hemolytic anemia was associated with an inherited defi-
ciency of glucose-6-phosphate dehydrogenase in erythrocytes (1)
led to meny investigations of the genetic variants of this enzyme
in man.s Burch et al (2) showed that an adequate amount of NADPH
is necessary for the reduction of methemoglobin, as well as to
ensure an adequate amount of stable reduced glutathione (GSH),
This reduced glutathione is necessary for the maintenance of sulf-

hydryl groups within the erythrocyte and perhaps in the erythrocyte

surface. Thus severe genetic deficiency of this enzyme is frequently
associated with a low level of glutathione and with hemplytic
anemia. Interest in G6PD derives from these geneti® deficiencies
found in erythrocytes of persons suffering frem various congénital
anemias and from attempts to identify structurally altered enzyme
molecules in such personse

The work of Chung et al (4) showed that an intimate relatione:
ship exists between the erythrocyte enzyme and its cofactor NADP®,

The coenzyme stabilizes the crude enzyme (5,6), activates it and



- 24 -

protects it from inactivation by erythrocyte stroma, which contains
=n active nucleotidase (5). There is some evidence that the co-
=nzyme is tightly bound to the enzyme (7,8). The complex relation-
ship between the enzyme, its coenzyme and erythrocyte stroma may
nold the key to understanding the control of G6PD in normal and
pathological statess Chung et al (4) showed that each mole of
enzyme as isolated from erythrocytes containstwo moles of tightly
bound NADP' which is reducible by G6P. This bound nucleotide deter-
mines the stability and structural integrity of the catalytically
active enzyme molecule., For example, it was easily found that in
the crude lysate of erythrocytes, the enzyme rapidly loses activity
and the loss could be prevented by the addition of NADP*; and of
course after inactivation of the enzyme, activity could be partially
restored under suitable conditions by the addition of NaDP*. In
view of previous reports, it seemed most probable that loss of
enaynaticactivity in crude preparation was due to destruction of
napp*,, particularly of the enzyme-bound nucleotide. The most obvious
inference to be drawn is that on removal of this bound coenzyme, the
apoenzyme dissociates into two catalytically inactive subunits, each
approximately one=half the molecular weight of the native enzyme.

Chung et al (3) found that the enzyme has at least two subunits.
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The N~terminal amino acids were tentatively identified as tyreoesinc
andalanihe. These subunits may therefore possibly be unidentical
peptide chains,

The reaction catalysed by G6PD is the reduction of the coenzyme
NADP* to NADPH by G6P and a concurrent oxidation of the latter to
6-phospho glucono-8-lactone (6PG-6-L). The latter is a highly
unstable compound and is instantaneously converted to 6~phospho-

gluconate (9)q

cep + napp* SCED  NADPH ¢ 6PD-6-L + H

+

HC
6PG
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Jhen the substrates are bound to the appropriate sites on a dehydro-

senase protein, a hydride ion is transferred to the nucleotide and

w

proton is liberated into the reaction medium. Formally the
reduction of NADP* to NADPH by the substrate, G6P, represents the
acceptance of a hydride ion (H™) py NADP* as a proton enters the
medium. Wallenfels (10) had shown that the hydride ion is fixed
to the pyridine ring at the four or para position. Thus the

hydride ion transfer reaction mechanism is

H
H CONHZ
- -
\(t;.‘ & H
I N 5]
|
K

where R represents the remainder of the NADP* strugture and thé
hydride ion is donated by G6P. Hence the overall reactien

mechanism is

-

H _CONW2 :‘ CONHZ
%.\ wu,._.» +H-t(-"6§

4

|
R R
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The interactions of the enzyme with both the substrate, G6P and the

—oenzyme, NADP* had been studied in considerable detail (11-18).

— 4

s % Genetic Variants and differentiation method

~eie

In G6PD, several types of heterogeneity are recognizable., First
there is genetic variation seen in human erythrocytes with drug
sensitive hemolytic anemias (19,20). Many of these anemias are
associated with decreased erythrocyte G6PD activity and the presence
of electrophoretically abnormal enzymes (21-29). Another type of
molecular polymorphism, that associated with a difference in sub-
cellular localisation, has been reported for G6PD (30).

The erythrocyte enzyme, G6PD, has been a useful tool for the
study of genetic variations in man. Individuals whose red cells
are deficient in this enzyme are susceptible to acute hemolytic
anemia following theadministpration of certain drugs or the ingestion
of certain chemicals or foods. In some instances, a chronic
hemolytic condition is observed in the absence of exogenous agent.
The former state is classed as drug-induced hemolytic anemia and
the latter as congenital nonspherocytic hemolytic anemia. This
susceptibility to hemolysis proved to be a genetically 8etermined

characteristic due to a mutant gene located on the X-chromosome.
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The observed low level of G6PD catalytic activity in these patho-
logical conditions may be actributed to either a quantitative
difference in enzyme (G6PD) concentration (31) or to a gualitative
abnormality of the enzyme in different patients (32).

The occurrence of favism more often in males than females
was noted years ago (33). Investigations of primaquine sensi-
tivity in Negroes (34) led to the suggestion that &ts transmission
was probably by a gene of partial dominance located on the X-
chromosome (35). Studies were therefore carried out on persons
with G6PD deficiency and colour blindness and results have strongly
suggested that the genes for both are closely lecated on the X-
chromosome (35)e. Men are accordingly normal (XY) or else exhibit
full expression of the enzyme deficiency and are referred to as
hemizygous (§Y). Women only exhibit full expression of the enzyme
deficiency when a mutant gene is inherited from each parent, in
which event they are homozygous (XX). Women inheriting a normal

gene and a mutant gene from each of the parents are heterdmygous

(xx) and exhibit remarkable variation in expression of the defect.
Kirkman et al (28) showed the existence of three electrophoretic
patterns of G6PD in erythrocytes of Negroes : a slow G6PD,

identical in migration to that encountered in Caucasians, a



=lightly faster G6PD and a broad band that seemed to represent a
=ixture of both the slow and fast enzymes, all at alkaline pH.
These are designated B, A and AB respaectively according to the
nomenclature of Boyer et al (27). Primacguine sensitive Negroes
nave erythrocyte G6PD which migrated at the same rate as the fast
36PD of Negroes with normal activity of the enzyme, Quantitative
assay for G6PD permitted a separate designation for the phenotype
of sencitive Negroes (A~ by the nomenclature of Boyer et al (27) ).
The hemolysate from sensitive subjects could be identified readily
on starch gel electrophoresis as developed by Smithies in 1955 (36)
by their faint, fast enzymic band and relatively intense hemoglobin
band. Thus there seems to be three commonalleles in Negroes, one
giving rise to B: one to A'with normal enzyme activity, and one to
A~ with deficient enzyme activity.

On the basis of electrophoretic mobility on starch gel,
several common G6PD phenotypes have been identified (27, 36, 37).
The naning of these variants created a lot of confusion before
1966 when a study group convened by the World Health Organisation
in Geneva recommended the following (38): The most common and

ubiquitous variant of G6PD to be called B*, should be used as

reference with which all the other variants can be compared and can
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for convenience be called the "normal” type. The variant with no:m
sctivity and electrophoretically faster than BY which represents
about 20% (39) of the population of people of African ancestry,
should be called A*. The variant commonly found among the same
people, representing about 10 to 15% (39) of their population, which
has the same electrophorctic mobility like A* but is associated

with enzyme deficiency, should be called A~. The fact that women,
can be either homozygous or heterozygous makes it imperative that
for comparative studies of the variant enzymes, male subjects, which
are necessarily hemizygous, should be chosen. Hence all studies in
this thesis are on G6PD froﬁ male subjects.

Although strikingly different incidence of G6PD deficiency
occurs within some geographical areas, its prevalence in tropical
and semi-tropical regions is apparent from studies from different
parts of the world (2). A rough correlation seems to exist between
G6PD deficiency and the presence of Hemoglobin S (HbS) (21). The
distribution of the two has been related to the distribution of
high incidence areas of faleiparum malariz (21,22). The heterozygous
deficient females but not the hemizygous deficient males appear to
be relatively resistant against Plasmodium falciparum malaria (22).

The variant A~ conferred a distinct advantage to heterozygous female:
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with respect to infection by Plasmodium falciparum (40). Thus the
Plasmodium prefers red blood cells that have sufficiently high
1evel of G6PD, whether by virtue of their genetic structure or
because of their young age as the parasites tend to invade the
youngest cells in G6PD deficient female subjects (21). The high
incidence of this inborn error (G6PD deficiency) of metabolism and
the presence of HbS have been attributed to their protective effcct
against Plasmodium falciparum malaria on the basis of their geo-
graphical distribution and the demonstration of decreased parasitc
concenération in enzyme-deficient cells (21)., The occurrence of
falciparum malaria has been related to the presence of reduccd glu-
tathione, which is very small and highly unstable in the erythrocy-
tes of sensitive individuals (2).

The presence of many variants of G6PD suggests that thoy
are allelic and that the @ifferences represent alterations
in the sequence of amino acids in one of the polypeptide chainsg
that make up the G6PD molecule. Since there are as many potentisl
mutational sites in the amino acid sequence of protein moleculc s
as there are amino acids, many different mutations can theorcticall::
exist. It is hoped that future work will clarify the relationship

between amino acid substitution, enzyme (G6PD) activity and drug
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sensitivity. Amino acid substitutions have been shown in two G6PD
wvariants by Yoshida (41,42) by the comparison of peptide mapping

of the A* and Bt types and of the B* and Hektoen types. He
reported that A* contains aspartic acid in place of asparagine

in 8% and Hektoen contains Tyrosine in place of Histidine in B¢.
The problem arises of whether the alteration of structural and
functional parameters introduced by the single mutation leading to
amino acid c¢hanges in the protein could be related to the changes
in the reactivity of the enzyme and hence to changes in the

vivo opcration of the enzyme. Some of the known genetically detcr-
mined variants of G6PD are characterized by a low catalytic activity
and several cases such G6PD deficiency is associated with an
incrcased susceptibility of the erythrocytes to exogenous hemo— -

lyzing agents, which can clinically result in hemolytic episodes.

1.1.3. Deficient and non-deficient G6PD Variants,

Investigations from different parts of the world over the last
two decades have revealed a high degree of prevalence and genetic
heterogeneity of abnormalities in glucose 6-phosphate dehydro-
genase (19,32,44-48). This heterogeneity was strongly on clinieal

grounds and enzyme level determinations especially in deficient
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enzymes in Negroes and Caucasians. The common variant in Negroes
with low G6PD activity is G6PD A~ while the common mutant in
Mediterranean populations is G6PD Mediterranean (29,32). Kirkman
et al (29) had demonstrated kinetic differences between G6PD
Mediterranean and G6PD A~ Variant and Ramot (44) had also shown
differences in some other Mediterranecan mutants of the Jewish
population in Israel,

A number of minimal criteria for the identification of new
variants had been suggested by WHO Standardisation Committee (45)
due to the high rate of increase of new identified variants. These
criteria include:

(1) Enzyme activity in hemolysate,

(2) Electrophoretic mobility of enzyme.

(3) Michaclis. constant, Kpy, for G6P.

(4) Affinity for deoxyglucose 6-phosphate.

(5) Inactivation of the enzyme at elevated temperatures,

Since then a number of other criteria has been added to the above
for the complete identification of new cnzyme variants. These
include pH optimum, Ky for NADP*, Ki for NADPH, affinity for
deamino NADPY and column chromatography (46,49). Using primarily

these standardised criteria, several distinct types of enzyme
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sbnormality have been found among cases of congenital nonspherocytic
nemolytic disease and G6PD deficiency. In some cases, the small
amount of G6PD present appeared to be normal kinetically, but had
marked decrease in stability to heat. These types of enzyme
variants will call for other criteria before a complete identifica-
tion could be made,

G6PD enzyme variants could be divided into three groups

namely:

(a) The common and uncommon G6PD variants having normal
activity or very mild enzyme deficiency aned therefore
are not associated with any clinical manifestations
€.ge G6PD B* and G6PD A*. These are basically non-
deficient variants.

(b) The ecommon and uncommon variants having enzyme deficiency
but require exogehous agents, such as drugs, foeds,
infections or fava beans for hemolysis to eccur e.g.

G6PD A~ and G6PD Union. These variants have iower Km

for NADP* and higher Ki for NADPH than for the nermal

variante.
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(c) Variants with very low activities with congenital
nonspherocytic hemolytic anemia even in the absence »f
exogenous agents e.g. G6PD Alhambra (47) and G6PD
Tripler (48). These are variants with higher Kp
for NADP* and lewer Ki for NADPH.

Clinical problems are usually present in individuals with G6PD
variants that have an enzyme activity of 0«30% of normal in their
hemolysates, But some variants associated with very severe enzyme
deficiency such as G6PD Union and G6PD Markham (19,20) have no
hemolytic problem while other variants with less severe enzyme
deficiency such as G6PD Alhambra and G6PD Tripler (47,48) are
associated with chronic¢ hemolytic disease even in the absence of
exogenous agents. The kinetlc characteristics (affinities for
substrate and coenzymes) of these variant enzymes reported in
literature cannot explain the reason for the different hemolytic
manifestations of these variant subjects. Thus it looks as if the
degree of enzyme deficiency does not correlate well with the clinica:l
severity of the disease in G6PD deficient subjects.

Yoshida (39) had shown that the molar intracellular concen-
tration of NADPY and NADPH are about 2\UM and 50uM respectively.

Therefore in the presence of low concentrations of NADP* and



r=latively high concentrations of NADPH as in the red cells, the
memolytic variants such as Alhambra (47), Manchester (46) and
Tripler (48) can hardly function because they are strongly inhibitec
by NADPHe. Thus the hemolytic wariant enzymes are strongly inhibitcd
by physiologic concentration of NADPH because. of their high Km for
NADPY and low Ki for NADPHe. Thus these variant enzymes cannot
generate sufficient amount of NADPH in erythrocytes to maintain .an
adequate concentration of reduced glutathione which is nee€essary
for the maintenance of sulfhydryl groups within the red cell (39).
The nonhemolytic variants are far less sensitive to the inhibition
by NADPH because of their low Km for NADP* and high Ki for NADPH.
The physiologic activity of these nonhemolytic variant enzymes is
estimated to be about 30% of the activity of the normal G6PD, and
this activity is adequatg<to maintain the red cells urhemolysed at
least in the.absence of exogenous agentse.

Hence from the foregoing, the best parameters to characterizc
enzyme deficiehcy in G6PD is the affinity constants for the oxidiced
and redu€ed cééﬁzyme apart from the enzyme activity in the hemolys=ate
Since these constants are known for the normal GGPD;'higher Km for
NADPY and lower ki for NADPH indicate HEMOLYTIC DEFICIEﬁT G6PD

VARIANTS while lower Km for NADPY* and higher K4 for NADPH indicate
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I%-=ZMOLYTIC DEFICIENT G6PD VARIANTS. So generally, it could be
-==ionalized that the relative magnitudes of the affinity constants

s=r both oxidised and reduced coenzymes compared to those for the

scr=2l non-deficient G6PD indicate G6PD DEFICIENCY.

“.1.4., Interaction of Glutathione Reductase.

The hexose monophosphate shunt pathway in red cells has a
sarticular importance in generating NADPH. Glutathione Reductase
Z.Ce 1le6e442) in the red cell requires NADPH to maintain gluta-
thione in the reduced state.

NADPH + H' + GSS6 - NADPt + 2GSH

Reduced glutathione had been said to be necessary for the maintenance
of sulfhydryl groups within the erythrocyte (39). These sulfhy-
dryl groups have been shown to be important in the catalytic
activity of human erythrocyte G6PD (50). Hence low level of NADPH
will impair the functioning of glutathione reductase in maintaining
glutathione in the reduced state. This has the resultant implicctlion
of non-maintenance of the sulfhydryl groups in the erythrocyte
G6PD and hence low activity of the G6PD. Thus severe genetic

deficiency of G6PD is frequently associated with a low concentration

of reduced glutathione and with hemolytic anemia.
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Under normal ¢onditions, about 10% of G6P is channelled
through the hexose phosphate Shunt (2) thereby providing NADPH
which is specifically involved in reducing oxidised glutathione
(GSSG) via glutathione reductase and hence in maintaining a number
of structural and functional proteins including G6PD in an active
state, GSH is also effective, by means of glutathione peroxidase,
as a detoxifying agent, and this function is achieved through
reduction of hydrogen peroxide that may be formed within the ery-
throcyte especially in the presence of some hemolyzing agents (43),
even under physiological conditions. Therefore the NADPHwprodueing
enzymes, G6PD and 6-PgD, are ultimately concerned by way of the
glutathione reductase system, with the protection of the
erythrocyte against those structural damages produced by specific
drugs or by some metabolites thereof or, more generally by any

oxidative agents possibly being responsible for the hemolysis.

1.2.1. Structure of G6PD

The primary structure of glucose-6-phosphate dehydrogenase is
unknown. Among about 100 variants of G6PD already reported (19,44,
47-49,51) only two variants, the common Negro variant A* (41) and

GoPD Hektoen (42) have been elucidated at the molecular level,
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single amino acid substitutions, caused by single step base sub-
stitution in a structural gene, héve been found in both cases.

The exact nature of the structural change has nnly been demon-
strated for the above two G6PD variants - from asparagine in the
8* type to aspartic acid in the A% variant (41) and from Histidine
in the B* to Tyrosine in the G6PD Hektoen (42), Thus a general
study of the variants of G6PD associated with altered enzyme
specificity must provide critical informations concerning the
structure and function of the dehydrogenase.

But in view of the unknown primary structure of G6PD and its
similarity to Glyceraldehyde 3-phosphate dehydrogenase in terms ef
order of substrates!' binding, broad specificity as regards the
pyridine nucleotides and wide and abundant occurrence in nature,

a review of some of the basic structural details of glyceraldehyde
3-phosphate dehydrogenase and the nature of its binding sites might
aid ourvunderstanding of the essential groups most especially at

the active sites in the structure - reactivity correlation in

G6PD. The three dimensional structure of glyceraldehyde 3-phosphate
dehydrogenase had been determined by both X-ray diffraction studies
and amino acid analysis (52,53). It is known that thiol groups (S4)

are essential for the catalytic activity of the enzyme, Chemical
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svidence indicates that the active enzyme molecule comprises four
identical protein chains (55,56) while X-ray diffraction analysis
of the lobster enzyme - NAD complex (52) suggests that these four
chains could be related in pairs to form a tetrameric molecule
analogous in structure to the hemoglobin molecule (57) where two
identical pairs of subunits are related to one another by a two-
fold symmetry axis.

Cys=149 had been postulated (53) to be the sole site of reaction
of iodoacetic acid with native glyceraldchyde 3-phosphate dehydro-
genase, in the presence or absence of NAD. On the other hand,
p-chloro mercuribenzoate does not readily react with Cys-=149 in
the presence of NAD (53), presumably due to steric competition at
active site between reagents of this type and the bound coenzyme.
The classical experiments of Velick (58) revealed the important
role of reactive sulfhydryl groups in the catlytic activity of
glyceraldehyde 3-phosphate dehydrogenase, The involvement of
histidyl residues and sulfhydryl groups was shown in the results
of pH-dependence of Michaelis constant and of maximum velocity by
Keleti ¢t al (59). In glyceraldehyde 3-phosphate dehydrogenase,
the Zn ion andbsome sulfhydryl groups have been assumed to parti-

cipate in the binding of coenzyme (120). The zinc ion was



postulated by Harris (53) to be bound to the protein through histidyl
=nd cysteinyl residues. Friedrich et al (60) had also showed that 3
nistidine residue is essential for glyceraldehyde 3-phosphate dehhydro-i
genase reaction by the inactivating modification of the histidine
residue,

Glyceraldehyde 3-phosphate dehydrogenase &rystallises with
firmly bound oxidised coenzyme (58) and therefore NAD is a constant
component of the active centre. The effect of the NAD bound to the
enzyme upon the physical properties and catalytic activity of the
glyceraldehyde 3-phosphate dehydrogenase was rationalized by Velick
et al (62) as suggestive of the bound coenzyme stabilizing the
physical configuration of the enzyme molecule in solution. Both the
oxidised and reduced NADP* had been shown to stabilize the physical
configuration of G6PD by Cancedda et al (8) and Bonsignore et al (30).

Glyceraldehyde 3-phosphate dehydrogenase had been shown te
have four non-identical binding sites and to be a tetramer of
identical monomers (55,56). The differences in the NAD binding sites
may therefore not be due to the amino acid sequence of the monomers
(63).

Luzzatto (14) had postulated the existence of equivalent pairs

of binding sites for NADP* in G6PD and the functional enzyme had
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.
peen shown to be a tetramer or dimer of.identical subunits dependcing
»n the pH and ionic strength of the buffer medium (76), therefore

Z6PD and Glyceraldehyde 3-phosphate dehydrogenase may have similar
structures, Thus we may expect a similarity in the binding kinetics
of the pyridine nucleotide to the two enzymes and the chemieal

nature and reactivity of the catalytic binding sites in the two
enzymess The fact that the coenzyme, NADP*,‘stabilizes the physigal
structure of G6PD and the fact that this enzyme possesses "structural"
NADP* (13) makes one to want to predict a similarity between the
primary structure and the chemical nature of the active eentres in

G6PD and G3PD.

1.3.1. Purification

Human erythrocyte glucose 6-phosphate dehydrogenase has been
isolated to varying degrees of purity. Several methods of purifie
cation which include column chromatography with Diethylaminpethyl
cellulose, calcium phosphate gel, carboxylmethyl cellulose, diethyl-
aminoethyl sephadex and carboxymethyl sephadex have been reported
(3,24,64=67), These enzyme preparations have been obtained in
varying degrees of homogeneity and yield. For example, the prepara-

tion of Chung et al (3) which was r&ported to be 80% pure by
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zltracentrifugal and electrophoretic measurements and of a specific
activity of 113 enzyme units per milligram of protein was reportad
by Yoshida (64) to contain impurities of smaller molecular weight=
(one unit of G6PD is that amount which catalyzes the formation of
iy mole of NADPH per minute at pH 8.0 and room temperature). The
purity of the enzyme therefore was said to be zbout 65% since it
was presumed that they measured the activity of partially inactive
enzyme, Yoshida's preparation (64) gave a specific activity of

750 units per milligram of protein. Care was taken to avoid inacti-
vation of the enzyme by proteolytic enzymes (e.g. plasmin) by the
addition of €~amino-N-caproic acid in the process of purification
and to improve the yield of the enzyme preparation (64). Here an
overall yield of about 50% (64) was obtained but after about 20
steps of purification. When abnormal and unstable enzyme variants
are to be purified from small amounts of blood such as procedure is
obviously not feasible. The same remarks can be applicd to the
methods established by Cohen et al (66), Chung et al (3) and
Bonsignore et al (67). Considering this lengthy method of puri-
fication, Rattazzi (65) came up with a shorter and simpler one
though from a smaller volume of blood. This procedurc consists of

three main steps but the final specific elution by the substrate
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36P which yields a highly labile enzyme species due to the

catalytic reduction of the apoenzyme-bound NADPY yhich stabllizes

the quaternary structure of G6PD called for a better method.

The preparation by Cohen et al (66), although leading to a simpli-
fication of the procedure, still involved some steps which,
according to Bonsignore et al (67) are not easily reproducible from
one preparation to another. Bonsignore et al (67) thus described

a method for purifying G6PD from human erythrocytes which represent-
a modification of the two procedures doveloped by Cohen et al (66)
and by Rattazzi (65). They claimed to obtain stable and homo-
geneous enzyme preparation by this method. Here the specific
elution from the final column was by the coenzyme NADP* whieh

has been shown by many workers and us in parallel to have a lower
Km (therefore a higher affinity for the enzyme) than the substrate
G6P. They also detected two discretc catalytically active forms

of the enzyme i.e. tetramers and dimers and a third catalytically
inactive monomcrs by their procedure (67). The purification of
G6PD A™ by Babalola et al (24) is essentially a combination of all
the above methods with minor modifications peculair to the A~
variante, The preparation by Kahn et al (68) was eluted specifi-

cally by high concentration of the coenzyme NADP* which explains
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=he stability of the enzyme prepared by these workers. The total "i:ld
nere (68) is between 80 and 90%. Thc higher yield, the simplicity
of the method and above all, the stability of the enzyme seem to
represent a major advantage of the method of Kahn et -al (68) over
that described by Rattazzi (65) and the other workers described
above.

All purification procedures described.so far are highly
sophiszticated and time-consuming. This consideration prompted
De Flora et al (69) to develop a new method of purification, which
is entirely based on two sequential steps of affinity chromatograp’i-,
This is a type of adsorption chromatography in which the bed material
has biological affinity for the substance to be isolateds The basic
principle of affinity chromatography is to immobilize one of the
components of the interacting system (e.g. ligand) to an insoluble,
porous support in most cases through a spacer arm which can then
be used to selectively adsorb, in a chromatographic procedure that
component (e.ge enzyme) of the bathing medium with which it can
selectively interact. Desorption and elution are subsequently
carried out by changing the experimental conditions (e.g. introe
duetion of a competing s»luble ligand with appreciable affinity

for the enzyme or by inducing conformational changes which decreases
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e enzyme's affinity for the immobilized ligand) which results i

=ne dissociation of the enzyme-immobilized ligand complex after
znbound substances have been washed. De Flora et al (69)-claimed
o experience some difficulties (70) especially poor reproduciblity
of the affinity chromatography step in the purification of G6PD.
They later pationaliped these difficulties in terms of marked
modification in NADP* structure occurring during the carbodiimide-
directed coupling of the dinucleotide to the matrix (70). They
therefore started to use a more convenient affinity adsorbent,
Ns-(s-aminohexyl) adenosine 2'5'-bisphosphate as synthesized by
Morelli et al (71) and coupled to BrCN-activated agarose. The

use of this matrix-bound effector allowed the isolation of G6PD

in good yield and in a short time of about two days. This method
is applicable for the purification of G6PD from single donors

and can, therefore be conveniently employed for the study of
structural and functional modifications in genetic variants of this
enzyme, . This method was simplified further by the same workers
(72) to involve a direct application of the hemolysate to the
column of the N®-(6-aminohexyl) adenosine 2t,5*~bisphosphate and
elution by a buffer of pH 7.85 containing NADP* of concentration

200uM. This procedure will elute comparable amounts of G6PD
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:=2 a new protein, which because of absence of information about

=s biological function, they designated FX (72). This eluent

«=s then processed through dialysis and chromatography on CM-
s=phadex to obtain a complete separation of the two proteins. Thisz
orocedure gave a final recovery of 60-70% and also has been suecess—
fully applied to the small-scale preparation of two genetic
variantsof G6PD associated with enzyme deficiency (G6PD Seattle-
like and G6PD Mediterranean) (72). Thus with this method we are
moving nearer a stage where we can quickly purify the deficient
enzyme variants for physicochemical analysis as these variants

are very labile due to their rapid rate of inactivation. We have
tried to apply the same procedure to the purification of G6PD AT,
but our effort was not wvery successful as this enzyme variant did
not bind well to the affinity adsorbent (unpublished data).
Yoshida (73) however had purified this enzyme variant by first

of all converting the enzyme into the NADPH-bound form before
applying it onto the agarose-bound NADP* column. This enzyme was
then specifically eluted from the column by NADP* in the elution
buffer, The enzyme did not however bind to the adsorbent when

it was in the NADP* bound form, neither did the author obtain

good yield when the enzyme to be applied to the column is free of
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the nucleotides. This shows that this enzyme variant (G6PD A~T)

is very labile and needs a nucleotide to stabilize it before it
is attached to the affinity adsorbent. The NADP*-bound enzyme in
Yoshida's case could not bind as the effector is also NADP* and
in our case, we applied a nucleotide-free enzyme to the effect®or,
a greater portion of the enzyme having therefore being inactivated
during the purification procedure.

Thus with purification methods which can give very pure enzymes,
the previous limitation of physico chemical and molecular studies
is now averted. The difficulty of thesc studies has always been
limited by inavailability of purified enzyme. A lot of discre~
pancies both in kinetics and molecular properties of the different
variants of the enzyme had been due to various workers using enzymes
of varying purities., Thus presently we can get most variants of

G6PD in very pure form for physico chemical and comparative studicse

1.4.1. Molecular Aggregation Statcs of G6PD.

Structural studies conducted on human G6PD in a high degree
of purity indicate two fundamental molecular forms, an inaetive

monomer and an active dimer (74). Kirkman et al (28475) assigned
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= molecular weight of about 105,000 to the dimeric forme. This
differs from the results of Chung et al (4) who estimated a
molecular weight of 190,000 for the enzyme. Most of G6PD mole=-
cules are in the dimeric form at the optimal pH (pH 8-9) (76)
while the highly associated form (the tetramer) predominates at
the isoelectric point (pH 6.0) (77). Omachi et al (78) and
Yoshida (39) have shown that in human erythrocytes the concent-
ration of NADP* is about 2uM. Thus within the erythrocyte, G6PD
is far from being saturated with NADF*. At this low NADP'
concentration the dimeric state of the enzyme is faveured (79)
while at higher NADP* concentration, the enzyme is in the tetra-
meric form (13,79). The cooperativity phenomenon observed in
Gg6pp BY (13) and G6PD A* (14) suggests a cooperative homotropic
Eligffffig—effeCt (80), resulting from conformational changes of
the molecule associated with the NADP+-dcpendeﬁ:dimer—tetramer
equilibrium,

The-active form of G6PD purified from human erythrocytes is
a mixture of dimer with probably identical functional units and
tetramer., These two molecular forms are in equilibrium with each
other (30,76,82)., The dimeric form is in two different confore

mational states (8,14), i.e. the medium and high stability states,
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depending on the NADPY concentration. The dissociation of the dimer
to inactive monomers could be effected in a variety of conditions
such as treatment with a high concentration of G6P, extensive

dialysis against a very low concentration of NADPY, treatment with

acid ammonium sulphate (4,81) or high temperature. High concentra-
tion of NADP* can restore activity in the monomers thereby bringing
about dimerization. Thus two reversible disaggregation reactions
of the tetramer can be followed in vitro:

TETRAMER * 2 DIMERS = 4 MONOMERS.

Studies by Wrigley et al (82) by electron microseopy demon-
strated three discrete molecular forms of the enzyme and that the
interconversion from one form to the other under appropriate
conditions occurs within few seconds. Bonsignore et al (83)
also showed that the enzyme exists in two catalytically active
forms i.ce tetramers and dimers, and also monomers which are
intrinsically devoid of activity. Many factors could effect the
interconversion of the three enzyme formse.

The discrepancies in both the molecular weight and the subunit
structure of G6PD were accounted for by the detailed ultracentri-
fugal studies of Cohen et al (76). Thcse investigators ghowed

that the enzyme has two discrete polymeric forms corresponding
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to tetramers and dimers, whose equilibrium is closely related to
the pH and ionic strength of the solvent, and to some other
environmental parameters such as divalent ions, NADR*, NADPH and
sulfhydryl reagents (4,13,74,76,79). Most of the conflicting
values of molecular weight reported previously could be ascribed
to variations of experimental conditions. resulting in different
tetramer-dimer ratio. The general features of both equilibria

may be summarised as follows (82):

High pH and high G6P, NADPR
Ionic strength \\
DIMER L 55
TETRAMER \ 2 — = MONOMZ.".
Low pH and low Ionic NADP*, -SH REAGENT

Strength, Divalent metals
++

eog. Mg*t, Mntt,
The two sets of equilibrium i.e. between tetramers and dimers and
between dimers and monomers, appear to be closely interdependent
on an equilibrium basis. These facts support the view that the
catalytic operations of erythrocyte G6PD in vitro involve a
continuous interconversion of multiple molecular forms arising

from three association-dissociation systems (8,11,30).



Cancedda et al (8) showed that the dimeric enzyme exists in
two conformational states i.e. the medium and high stability states,
This finding is in consonance with the kinetic data of Luzzatteo (14)
who showed that the two dimeric conformational states are characte-
rized by different affinity for NADPT, Luzzatto's observation (14)
oaf increase in interaction coefficient with increase in temperature
and the very low interaction coefficient at low pH (when G6PD is
predominantly a tetramer) supports thc assertion that it is the
dimer that is cooperative and that the tetramer is non-cooperative

with respect to NADP' binding.

1:58:1 Reaction Kinetics.

All enzyme assays are based on the fact that the rate ef an
enzyme catalysed reaction increases linearly with increase in enzyme
concentrations, - But as different from non-enzymic reactions, there
is no linear relationship between the rate and concentrati;n of

the substrate. Michaelis et al (84) first analyzed the deviatdgn

of ‘enzymic reactions from non-enzymic kinetics by the study eof the
hydrolysis of sucrose by B-fructofuranosidase to glucose and
fructose, These workers assumed that a complex was formed

instantaneously between the enzyme and substrate before the
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hydrolysis itself took place.

The reaction follows the following sequence:
_]S_l.h k2
E & 8§ == ES ety By ¥4 P
k-1
where E = Enzyme; S = Substrate; P = Products of the reactjion
and ES = Enzyme=substrate complex, kq, K-1 and kp are reaction
rate constants.

Michaelis et al (84) considered the ES complex to be in

equilibrium with the free enzyme and the substrate and kj

being so small in comparison to k4 and k_4q and that the rate ofbreak-

down of the complex to the products does not affect the equilibrum
concentration of ES. Therefore the kinetics derived from this
model is often referred to as equilibrium kineties. This implies
that the slowest or rate-determining step is the breakedown of ES
to the products, and that the overall rate of the reaction, v, is

proportional to the concentration of the ES complex:

¥ =Gk = K, LES] (1)
dt
The equilibrium concentration of ES may be given by
ks = == = [£)ls] (23
% (es]
where Kg is the dissociation constant of ES and k.1 > k,,
k.
otherwise Kp =’ 1 +k3 when the equllibrium assumption does
kq

not holde

-
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From (2), [E] = kg.[ES]
(sl

But the total concentration of enzyme, [Et] = [E] + [P TN (q)

(3)

S From (3). and (4); [E¢) '= “{ES) (g + (]
[S]
* [es] - Ceells]

Ks * [S]

“ From (1), v = X2 [E¢dls]

Ks + lS]

When the enzyme is fully saturated with the substrates, i.e,

when all the enzyme is in the form of the ES somplex, v reaches

a maximum value, the maximum velocity, Vpaxe

i.ee Vmax = k3 [Et]

kg *+[s]

This is the usual form of Michaelis-Menten equation. In the case
of a two substrate reaction, for the derivation of this equation,
the concentration of one of the substrates is kept at a very
constant saturated level while the concentration of the second
substrate is varied. 1In its reciprocal form, this equation
be;omes

1/ BTNy o,

max V__-f;]

max



- 55 -

Therefore a plot of 1/v against 1/[s] according to Lineweaver

et al (85) gives a straight line of slope Ks/Vpax, 2n intercert

on the 1/[s]=axis of -1/Kg. Kg determined this way-is callec¢
the Michaelis constant, designated Km. From the Michaelis-

Menten theory (848), Km = Ks, (where Kg is the true dissociation

constant of ES), an inverse measure of the affinity of the
enzyme for the substrate.

Km is an important and useful parameter in characterizing
an epzyme and its functional meaning 1is related to the inverse

of the affinity of the enzyme for the substrate. Kp Specified

the quantitative dependence of the reaction rate on the
substrate concentration. It has the dimensions of comeentrakion:
and is actually the substrate concentration for which the rate

of the reaction is half the maximal value, Vpyaxe

Vmax 1s the extrapolated maximum velocity of the enzyme-
catalysed reaction under the specified conditions of the reaction.
It is the velocity of the reaction when the enzyme is maximally
saturated with its substrates. Ky 2nd Vmax are the main funda-
mental kinetig parameters of enzyme reactiéns. They both vary
with temperature, pH, ionic strength, type and concentration of

the substrate, the presengce of other molecules or "#eme and oth-r



conditions for a particular enzyme.

1.5.2. Kinetics of G6P Binding to G6PD,

The kinetics of G6P binding to G6PD conforms to the Michaelis-

Menten model (84) when the concentration of the.coenzyme NADPY

is fixed at a very saturating level (11,15,39).  This kinetics

of G6P binding have been widely studied for different variants of
GéeD (11,15,17,18,24,66). The saturation function for all theSe
variants is hyperbolic at all pH values and at all temperatures
(11,15)., This may mean that there is no interaction between the
G6P binding sites and that they are identical and independent

or that there is only one G6P binding site on the enzyme molecules

1.5.3. Kinetics of NADP* binding to G6PD.

The binding of NADP* to G6PD at a saturating concentration
of G6P has always been thought to conform to the classical
Michaelis=Menten model. Hence only a single dissociation constant
of enzyme-NADP+ complex has always heen reported for all the G6PD
variants. But Luzzatto (14) reported in 1967 that the saturation
function of NADP* for the A* variant is sigmoid-shaped and hence

does not follow the usual Michaelis-Menten equation. Luzzatto (14)
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interpreted his quantitative kinetic data as indicative of the

existence of multiple (at least two) binding sites for NADP¥

on the enzyme protein and that the binding of the first molecule
of NADPY modifies the affinity of one or more other sites for the
coenzyme, Thus there is an induction of a conformational change
as the concentration of NADP* is increased, giving rise to two
states, a state of low affinity and a ‘state of high affinity for
NADP*, Luzzatto (14) therefore defined two dissociation constants

A

for the binding of two molecules of NADP* py the enzyme molecule:

E+S = ES, Kgp ¢ [ells)/lEs]

ES +S ® ESag\Ney = [Es][s]/[gszj

dissociation constant at low NADP* concentration;

Ksq
Ksp, = dissociation constant at high NaDP¥ concentration;
and that Kgq > KSZ'

This kinetics was extended to four other variants B%, A™,
Ijebu=0de and Ita-Bale by Afolayan et al (16) and these authors
found that the four variants exhibit sigmoid kinetics. But the
degree of conformity of the four variants to this kinetics varies
according to the concentration of NADP* required by each variant
for the induction of a transition from a state of low affinity

to that of high affinity for NADP*.
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Bonsignore et al (13) found two dissociation constants for
G6PD under conditions at which the enzyme exists as a dimer. Thesc
are 20uM at low NADP* concentration and 12uM av high NADP* caoncent-
ration, These workers also observed an interaction coefficient, n of
1,23, These findings are in consonance with those of Luzzatto (14).
But the binding of NADPY to the tetrameric enzyme was found to
follow 2 simple kinetics with a dissociation constant of 16uM and

an n value of 1,02 (13). Hence binding of NADP* to G6PD depends

on the state of the enzyme.

Enzymes, being proteins, possess ionizable groups and hence
are very sensitive to pH changes. These ionizable groups determine
the pattern of electrical charges carried by the protein and
regulate the extent of interaction with the coenzyme, substrate or
an effector., The variation in the kinctic parameters of enzymes
(1eee Vpayx @nd Km) with pH are always interpreted in terms of
ionizing groups at the enzyme's active site, thc coenzyme,
substrate, the ES complex or any other substance that may be
involved in the enzyme reaction. A lot of what is now known about
the nature of enzyme active centres are derived from the studies

of pH changes.
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Babalola et al (11), Afolayan (15), Soldin et al (17) and

Luzzatto et al (18) have studied the effects of pH changes on

G6P NADP +
Km

oK , and Vpax for the human erythrocyte G6PD. But the

different buffers they all employed have significant effects on

6
these paramcters. The plots of log V, log KmNADP and log KmG ¥

against pH by Soldin et al (17) in kinetic experiments in Tris-maleat
and Ammediol-HC1l buffers yielded pK values of 6.6, 6.7 and 9.1 and
6.2 and 9,0 respectively. These were taken to indicate the presencc
of an imidazole group and a sulfhydryl group near the G6PD's active
centre, Luzzatto et al (18) also indicated the presenece of imida-
zolium group of histidine in variant B% but absent in variant A%,
The B* was also said to have a cysteineresidue near its active
centre (18). Evidence for the presence of sulfhydryl group and
imidazolium group of histidine near the active centre had also been
advanced by Babalela et al (11) in the study of G6P binding in
Tris-borate and Triethylamine-borate buffers to G6PD A¥, B¥ and A™.
Luzzatto (22) reported a pH profile of log KmGSP for the three
common polymorphic variants, AT, B*and 4=, The pH dependence of

this kinctic parameter shows familiar trends in the acid and alkalinc
regions as already reported by the above workers (11,15,17,18). But

the pH dependence shows a most peculair and sharp profile in the
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narrow pH range between 7.0 and 7.6. Luzzatto (22) explained th:t
the peaks at the narrow pH range could be related te¢ the transiticn
of the enzyme from the tetrameric form at acid pH to the dimeric
form at alkaline pH. This theory was borne out by the results of
gel filtration experiment as a function of pH by Babalola et al (1%).
These investigators observed that the pH dependence of the dimer-
tetramer equilibrium corresponds closely to the narrow pH range

(PH 7.2 for variants A* and B* and 7.4 for variant AT).

1.5.4. Kinetic mechanism of G6PD Action,

The combination of initial velocity, product inhibition and
a&tetnaée substrate binding studies of purified G6PD from human
erythrocytes and blood platelets gives results which are gonsistent
with the postulate that the mechanism of substrate and eeenzyme
binding to this enzyme is sequential (17,39,86,8?7). The mechanism
would appear from product inhibition data alone ¢o be either a
compulsory sequential order mechanism or a rapid equilibrium
random order mechanism with a dead-end enzyme-G6P-NADPH ternary
complex. Results from dead-end inhibition studies using an analggue
of G6P, glucosamine 6-phosphate, help to rule out the latter

mechanism (87). The initial velocity experiments on G6PD indicate



that the mechanism 1s seguential, thus cxeluding = pinz.pong mechan . sme
Product inhibition studies using the first product to be releascd
6-phosphoglucono-ﬁ-lactone, might also rule out a Theorell-Chance
mechanism. However, 6-phosphoglucono-b8-lactone is highly unstable
in aqueous solution (half-life 1,5 minutes) (9). - But an independcnt
observation by Yoshida (39) that G6P cannot associate with either
G6PD without bound NADP* or with G6PD-NADPH complex, unequivoeally
shows that the association of G6P and NADP* with the enzyme shoul’

occur in a compulsory sequ<nce.

1.5.5. Order of Substrates' Binding to G6PD,

Product inhibition by NADPH has been shown to be ecompetitive
with NADP* and noncompetitive with cép (17,39,86,87). These data
are consistent with an ordered releasc of produets, with 6-phospho-
gluconate the first to dissociate and NiDPH, the last. 1In summary,
results from-initial velocity studics, produét inhibition and dead-
end inhibition kinetics are consistent with an ordeigd sequential
;echanism in wgich the coenzyme adds first and is released last and

the substrate adds last and is released first. Thus we have the

following order or reaction seguencea:

E - Yy + -~ ™ » + - -
> E - NaDP* g _p—nE ~ NAD"Y _5 E = NaDPH > BNADPH g

{ s | ' \

NADP* G6P G6P 6PGL 6PGL NADPF



But becuase of the low dissociation constants for the G6PD-
NADP* and G6PD-NADPH complexes and the fact that G6PD is stabilize
»y beund NADP¥ (13,39,77), practically all the reacting enzyme
will be associated with NADP*. Therefore the reac@}on may procecd
without any free enzyme being produced, by way of direect substi-
tution of NADPH by NADP*«. Thus the order of the binding and

release of the substrates will be as follows:

- -3 : X
E «~ NADP > E = NADR™ _3 E - NADPH E ~ NADPH
ol | y
G6P G6P 6PGL 6PG
NADPH
& 2 . -

NADP*
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1.6.1. Cooperativity

The origin of cooperativity lies in the nearest-ncighbour
interactions of the subunits of an allosteric protein, whereby a
conformational change accompanying the binding of a ligand by a
subunit results in an induced conformational change in adjacent
subunits, which enhan€es the binding of ligand by the latter. When
two or more ligands are bound by a system of this kind, a theoreticel
description becomes complex since both the conformations of the
subunits and their mutual interactions may be affected differently
by the binding of the two ligands (80,87,88). This bfnding might
give rise to different explanations viz (1) the binding of one
ligand by one subunit may reduce greatly, but does not abolish, the
binding of the othér ligand by that subunit, while leaving the
binding of the latter ligand by the second subunit almost unaffected.
(2) The alternative explanation is that the binding of one ligand
interferes directly with the binding of the other ligand. (3) The
third alternative is that the two binding sites are in proximity and
that the two ligands mutually interfere through electrostatic
interaction (89).

The concerted two-state allosteric model proposed by Monod ct

al (80) is extended to expressions representing the initial velocity
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as a function of substrate concentration for two-substrate enzymes
for which an ordered sequential substrate binding is the mechanism
(86). When the two different conformational states have different
affinities for both substrates, kinetic behaviour which is different
from that expected from simple analogy to the single substrate case
may be obtained (90). In a two substrate reaction, the importance
of one substrate with respect to the allosteric kinetic behaviour
of the other substrate has not been generally recognized in spite
@f the fact that majority of allosteric enzymes invelve two or meare
substrates. Thus there are at present only three treatments of the
kinetics of two-substrate allosterie enzymes: that of Ainsworth (91),
which is limited to the dimer casc and to some limiting cases of the
kinetic behaviour which arises from interaction between the subst-
rates; that of Kirtley et al (92), which is an extensgien of the
sequential model of Koshland et al (88) for alilmsteric preteins;
and that of Sumi et al (93) which is limited to enzymes with a
ping-pong mechanism (94).
8

There are at least tqureasons why the kinetic behavioun{bf |

a twe-substrate allosteric enzymes has not been extensively exa?ined.

First, it is usually assumed that as long as the concentration ef one

substrate is maintained constant, the two substrate -gase can be
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regarded as being analogous to the single substrate case, Second,
while a general treatment is @esirable, the mathematical expression:
for such a treatment become extremely complex, as is characteristiac
of all enzymatic reactions involving more than a single substrated
Thus a general system to describe allosteric kinetic behaviour would
include consideration of a large number of intermediates reflectinc ‘
cooperativity between binding sites or between substrates at the
same or different sites.

The equation derived by Monod et al (80) to describe the binding
of a single ligand, A, by an allosteric protein may be converted to
the following expression for the velocity of a reaction eatalyzed Ly

an allosteric enzyme (95).

~= -1
Vo _ ka (1 +a)® 1 4 %x'Lce (1 4+ e)™

Rfo (1 +g)® + L(1 + ca®

In this equation, Vo is the initial velocity, n is the number of

substrate binding sites per mole of enzyme; Eq is the total enzyme

concentration; L is equal to (e]/[g] and is the constant which i

describes the equilibrium between two conformational states of the
enzyme in the absence of substrate; k and k' are rate constants for !

product formation by the two conformational states; c is equal to

KA/K; and is the affinity ratio which expresses the difference



in the affinities of the conformational states for substrate; and

@ is equal to [A]/KA, the reduced substrate concentration, Kz and

K', are thermodynamic dissociation constanks describing the binding
of A to each of the enzyme conformational states, E and E' respecti-
vely. The derivation of the above equation assumes the existence

of rapid, reversible equilibrium between two conformational states

of an enzyme which has n independent sites for substrate. The
particular derivation of the kinetic equation further assumes that
the conformational states may differ in intrinsic catalytic activity
and that the reaction velocity is proportional to the concentration
»f the enzyme~-substrate complex with all steps prior to formation

of the enzyme-~substrate complex being rapid equilibrium (80,95). For
two substrate allosteric enzymes, kinetic equations cannot be derived
from binding expressions by simply including rate constants. The
allosteric model ‘asserts that indirect interactions between distinct
specific binding sites, called allosteric effects, are responsible
for the performance of the regulatory functions of the proteins.

It is assumed in this medel that these interactions are mediated

by some kind of molecular transition, allosteric transitions, which
is induced or stabilized in the protein when it binds an allosteric

ligand,
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Because the model of Monod et al (80) assumes the existence of
an equilibrium between two conformational states which have differcen:
affinities for a ligand, the kinetic behaviour of two-suhstrate
allosteric enzymes may be divided into several cases depending
on which of the conformational states has the greater affinity
for the substrate., It is assumed for simplicity in enzyme kinetics
discussion that the substrates' Michaelis constants are independent
of the concentration of the other substrate and equal to the ther-
modyanic dissociation constants. There is evidence that Ky for the
binding of NADP* in G6PD can be identified with a dissociation
constant (13,14,17) and Kp for G6P is assumed to be a dissociation
constant by Babalola et al (11)., When the conformational states
have different affinities for only onc of the substrates, the
kinetic behaviour obtained is that which can be predicted from
analogy to the single substrate case., In addition, the kinetie
behaviour is independent of the concentration of the nonvaried
substrate (90). This is the result to be expected from a two~
substrate enzyme in which the concentration of one substrate does
not affect the kinetics of the other and in which the kinetic
behaviour for one substrate is positive cooperativity and that of

the other is hyperbolic. This is the case in G6PD enzyme in which
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the kinetic behaviour for G6P is always hyperbolic (11,15) and for

NADP* under some conditions to be discussed in this thesis favours
positive cooperativity (13,14).

The Michaelis-Menten model (84) has had a great impact on the
development of enzyme chemistry. However, the kinetic properties
of many enzymes cannot be accounted for by this model. An important
group consists of the allosteric dehydrogenase enzymes, which often
display sigmoidal plots of the reaction velocity, V, versus
substrate concentration for the coenzyme rather than the hyperbolic
plofs predicted by the Michaelis-Menten equation. This kinetic !
behaviour is reminiscent of situations in hemoglobin where oxygen
binding curve is sigmoidal (96). In allosteric enzymes, one active
site in an enzyme molecule can affect another active site in the
same molecule. A possible outcome of this interaction across subunit:
is that the binding of substrate becomes cooperative, which would
give the sigmoidal plot. In addition the activity of allosterie
enzymes may be altered by regulatory molecules that are bound to
sites other than the catalytic sites, just as oxygen-binding in
hemoglobin is affected by DPG, H* and C0y. The dependence of the
reaction rate of Glucose-6-phosphate dehydrogenase on NADP*

concentration, under certain experimental conditions, does not
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conform to the Michaelis-Menten equation. Luzzatto (14) explaincd
this kinetic behaviour as suggestive of low affinity for NADPY

at low concentrations and the affinity increasing sharply

as the concentration of this substrate is increased. He then
determined the two dissociation constants for the enzyme-NADP*
complex, at low and high NADPY* concentrations respectively. This
behaviour was explained in terms of an enzyme molecule bearing
multiple binding sites for NADP¥, the binding of the first molecule
of NADP* modifying the affinity of onc or more other sites for this
substrates In the simplest case where there are two or any number
of equivalent pairs of binding sites, the expression for the re~
action velocity as a function of substrate concentrations was
simply and readily derived. The velocity v, as a function of the

substrate concentration [s] in its reciprocal form was given as:

vmax = 1 + }fig 3 K51K52
v [S] [s]z

where Vmax is the

maximum velocity and Ksy and Kg, are the dissociation constants
at the enzyme states for low and high affinities for NADP*

respectively. These constants could be got from this equation by

inserting two pairs of values of Vmax and [s] rewritten tw;se and
v

solving the equation simultaneously.



For many proteins, it is convenient to express the ligand-
binding properties by the Hill equation (97)

Yy = K[S]nH/1 + k(s

in which y, the "fractions saturation" is the fraction of

the total number of binding sites occupied by ligand, [s]

is the free ligand concentration, and K and ny are the dissociation

constant of the protein=ligand complex, and Hill coefficient respecc-
tively. This two constant equatlon can be rearranged into the form

5

of a straight line as follows:

log y/('.I...y) = 1log K + ny log {s],
The resulting plot of log y/(1-y) against log [S] is known as #hc
Hill plot and the degree of cooperation among substrate moleeules
can be conveniently astertained from the slope ny of the plot which
is often called the Hill or Interaction coefficient. This coeffi-
cient is used extensively as a measure of homotropic interaetions
between substrates in multisubunit enzymes. Whereas Michaelian
rate curves are characterized by a Hill coefficient of one; the
sigmoid kinetics of regulatory enzymes generally yield Hill numbcrs

larger than unity. In kinetic data, V/Vmax is always assumed to

be proportional to y, the "fractional saturation”.



1.6.2. Allosteric Effectors.

Allostery implies a special type of inhibition or activation
and allosteric effectors therefore are the substances which are 2
substrate analogues and which are apparently not attached to the i
enzyme at the active sites to which the substrates bind. Allostecrs
does not provide an explanation for sigmoid kinetics as is often ;
miscontrued in literature but it can affect the degree of substrate
interaction and therefore cooperativity. The effector thereforc

must act by inducing a conformational change which alters the activi®

at the catalytic site. The study of the interaction of G6PD with

ions has recently variously been reported (13,14,66,82,83)., Thc -in

might be to know the specific effects of these effectors on the !
association=dissociation equilibrium of the enzime molecule and
how these effects affect the regulatory functions of the enzyme.
Among the workers who had studied the effects of some ions on G6PD

3

are Kuby et al (98) who studied the effect of EDTA®" and Nappt

———

on macromolecular association phenomenon in Brewer's Yeast G6PD;
Cohen et al (66) who studied the influence of monovalent and divalcn®
cations on human erythrecyte G6PD activity and Luzzatto (14) who

studied the influence of buffer ions (Tris-HCl) and MgsOg4 ©on thc

coefficient of interaction of NADP* binding to human erythrocyte
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enzyme, The general effect of buffer ions on the degrece of coope-
rativity and the influence of specific ions on the coefficient of
interaction of NADP* binding to human erythrocyte G6PD variants
will be discussed in more details as it forms a substantial part

of the work reported in this thesis.

¢ a1 Aim of the present worke.

The knowledge of the primary structure Of some proteins sueh
as lysozyme (99) has yielded insight into the mechanism ef &ub-
strate dbinding and therefore of enzyme structure, For some other
proteins such as the quasi-enzyme, hemoglobin, a combination ef
structural, chemical and functional data had led to an under=
standing of important properties of the moleculey such as the
cooperativity of oxygen binding and Bohr effect (96). Further,

a comparative analysis of various homologous mglecular species
which differ in very limited portions of the protein has shown

that it is possible to attribute specific functional and reagtivity
differences to known structural differences. This appreaeh has not
been explored deeply in the case of G6PD variants except in the
work of Babalola et al (11) where thc kinetics of G6P binding to

three polymorphic variants of G6PD was reported, In view of



previous data that genetically different types of human erythrocyte
G6PD confer different metabolic properties on the erythrocytes
(25,29,39,79), and that the different variants are due to amino acic
substitution at the structural locus (11,41,42), the present work
is to investigate whether a comparative analysis of kinetic and
thermodynamic parameters of NADPY binding to the different genetic
variants of the enzyme will help to elucidate the differences in thcir
molecular structures and catalytic functions.

The comparative kinetic and thermodynamic studies of NADP®

binding reported in this thesis were carried out on highly purificd
cépp BY, AY and A~ from the erythrocytes of human male subjects. In

view of the discrepancies in kinetic and physico-chemical results
of G6PD enzyme variants and the rationalization of these in terms
of impure enzyme preparations used, it was thought necessary to
compare the available methods ef purification in order to see their
limitations and advantages. For this purpose, it is important to
prepare the three enzyme variants by both conventional multistep
and affinity chromatography methods and then compare the results
with the above criteria of choice of the better method in mind.

The kinetic studies which were carried out in Tris-borate

and Triethylamine-borate bufférs is an attempt to correlate kinetic
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data with catalytic function of the enzyme variants in order to
explain reactivity differences in terms of structural differences,
The reactivity differences in G6P binding by Babalola et al (11) had
been explained in terms of structural differences, a similar study
for NADP* binding is necessary in view of the fact that it is known
that NADP* binding is more sensitive to small differences in the
structure of G6PD molecules (16). For this purpose it is necessary

+
to study the dependence of KmNADp and Vpax O PH and temperature.

From these studies, the enthalpy change of dissociation of G6PD=
NaDp* complex and the activation energy of the G6PD catalysed
reaction under conditions of saturation of the enzyme with the
two substrates could be got and studied in terms Pf their dependenee
on pHe These studies should show the differences in structure of
the G6PD variant? in better perspective just like electropheretic
studies (26,27,36).

The binding of NADP' to G6PD variants had been;reported te be

cooperative at higher ionic strength (14-16,25), and two disseciatio

constants had been reported for G6PD-NADPY complex (14-16,25), it

was considered of importance to investigate further the

variation of these dissociation constants for the i enzyme variant

at different pH values (5.85-9.5) and at four temperatures. Wwith
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these experimental data, one will gzin an insight into the
influence of ionic strengkh on molecular forms of the enthe
iavelved in the interaction with NADP+.£n terms of the variation
of n, the Hill's coefficient with increase in pH and temperature.
All these studies will then show that single amino aeid
substition at the structural locus does not affect only the
primary structure but also the quaternary structure of the enzyme

variantse
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CH APS E'R TWO

e R 3 2 3 )

EXPERIMENTAL

2o lsile Reagents
Nicotinamide Adenine Dinucleotide Phosphate (NADP¥) and

Glucose 6=phosphate (G6P) were from Biochemica Boehringer
Mannherm Germany and from Sigma Chemical Co. St. Louis, Moy U.S.A.

€—~aminocaproic acid, Diethylamincethyl (DEAE) Sephadex AS0,
Carboxymethyl (CM) Sephadex C50, Sephadex G25, G100 and G200 are
all products of Pharmacia Fine Chemicals Inc., Uppsala, Sweden.
DEAE cellulose was a Whatman product from W and R Baston Ltd,
England and EDTA was from Scientific Co, U.S.A. Ammonium
sulphate, special enzyme grade was from Schwarz/Mann, Orangeburg;
New Yorke

The affinity adsorbent, Ne-(6-aminohexy1)-2'5'ADP, was from
two sources. The first adsorbent used in this work was synthesized
in.the Laboratories of the Institute of Biological Chemistry,
University of Genoa, Italy and was 2 kind gift to us by
Profescsor A. De Flora. The second resin was from Pharmaeia

Fine Chemicals Inc., Uppsala, Sweden.
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TRIS, Na,HPO,, NaHpPO4y K HPO,, KH,PO,, NaCl, KCl,
f-mercaptoethanol, Boric acid, Trimethylamine, NaOH, ‘HCl, KOH
and all other reagents used in this work were all of analytical
(Analar) grade from the British Drug Houses Ltd,

This commercial TRIS fluoresces and therefore was purified
by dissolving it in hot water and left tillit crystallized and
then washed many times with ethanol ‘and thoroughly dried till it
did no more fluoresce,. It is this purified TRIS that was

used for the buffer preparations in this worke

2.2e1. Instruments,

Opntical density measurements were made on a seteup that
consisted of a Gilford Spectrophotometer with a eonstant temperature
cell compartment and an automatic multiple absorbance recarder
model 2000.

PYE Dynacap pH meter Type M65 was used in measurement of
PHe Agla micrometer syringes were used for the measurements of
small volumes of reagents while Lambda pipettes were used for
the measurements of enzyme volumes,

Other instruments include a refrigerated MSE High Speed 18

Centrifuge, Fraction Collector, Quartz Micrqe and Maero cusekties,
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high precision thermometer and dizlysis tubings.
Turner recording spectrofluorometer model 110 modified by
us with thermostatic compartment. Turner Model 430 with a reccrder

was also used for certain parts of the worke.

2:301, Identification of Glucose-6~Phosphate Dehydrogenase,

Identification of glucose-6-phosphate dehydrogenase was per-
formed on starch gel electrophoresis in Tris-borate « EDTA buffer,
pPH 8.6 according to the methods of Smithies and Boyer et al (27,
36) with tﬁe following modifications:

(a) The concentration of NADPY in the gel was 12.5uM,

(b) The voltage was 12 volts/cm, the current was

0.5 mA/cm and the duration of the run was 15 hours,

The various types of hemoglobin were identified after electro=
phoresise * The gel was then stair-- ' under incubation with a stain-
ing ‘solution which is composed of glucose-6-phosphate, Nitro Blue
Tetrazolium, NADP*, Tris, Phenazine methosulphate and magnesium
sulphate at a pH of 8.6. After staining the gel, GépD A%, B*

and A™ could be easily recognised by visual inspeection (27),
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2.4.,1s Purification of the Enzyme G6PD Variants,

%

It was necessary to have, ready for use and stored at 4
for days, all the materials needed for the purification of the
enzyme before embacking on the process. Unless otherwise stated
all buffers used in storing the resins that had been precycled
and ready for use and those that were used in washing of columns
and elution in the purification processes were 1 mM in €-amino
caproic acid to prevent hydrolysis of G6PD by contaminating prote-
elytic enzymes such as plasmin and protease;

0.2% in B=mercapto ethanol to stabilise the S-H groups in G6PD;
1mM in EDTA; and 20UM in NADP except in affinity chromatography

column, All glass . columns used were aligned with the aid of

a spirit level,

2.4.2+ Materials for purification.

Water: Water used for any work reported here was ion-free.

It was obtained by deionising distilled water by a mixed bed
ion exchange resin,

EDTA=Saline: a 0.85% NaCl solution which was 1mM in EDTA.

Phosphate Buffers: 0.2M Na,HPO, and 0.2MM NaHpPO, solutions

were prepared and then mixed until the required pH was obtained,
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usihg the PYE Dynacap pH meter Type M65. The solution would then
be diluted to the required concentration according to the stage i-

enzyme purification and also the resin in use.

DEAE Cellulose:

(1) The weighed quantity of the cellulose was stirred in excess
water, allowed to settle and the supernatant decanted. This
washing was repeated 4 or 5 times to remove all colouring and
fine materials.

(ii) Excess 0.5M HC1l was added with stirring and then left for
at least 30 minutes.

(1i1) The supernatant was decanted and the resin was washed with
water until pH of supernatant was 4.

(iv) Excess 0.5M NaOH was then added to the resin with stirring
and left for another 30 minutes.

(v) The supernatant was decanted and the resin washed with
water until pH of supernatant was 8.

(vi) The washing was continued with 5mM phosphate buffer,

PH 6.4 until pH of supernatant was 6.4,

(vii) The resin was stored in excess 5mM phosphate buffer,

pH 6.4 at 4°C, ready for use.
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Sephadex G100 and G25

The G100 sephadex resin was used to separate the enzyme G6F
from a mixture of mény other proteins. This use depends on
differential elution of proteins according to their molecular
weights. Using the same principle, the G25 sephadex resin was us.c

to remove small ions (those from NaCl, KCl, (NH,),S0O4 2nd G6P)

H
from the enzyme protein at two different stages in the purification
processe

The weighed sephadex was washed several times with excess
water until all the fine resin granules were removed, The G100
sephadex resin and half of the G25 sephadex resin were then washed
(separately) with 50mM phosphate buffer, pH 7.0 until the pH of
supernatant was 7.0. They were then stored in 50mM phosphate
buffer, pH 7.0. The other half of the G25 resin was washed with
S5mM phosphate buffer pH 6.0 until the pH of the supernatant was
6.0. This was then stored in the same buffer of pH 6.0.

The two batches of G25 sephadex resin were first stored at
room temperature (22 + 1°C) for at least 12 hours before packing
them into glass columns of 60 cm length and 5 cm in diameter.

The two columns were then transferred to the cold room (4°C),

ready for use,
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The G100 sephadex resin was first kept at 4°c. 145 cm lonc
and 7.5 cm in diameter glass column was aligned in the cold roor
stoppered air-tight with a rubber bung through which a large wic. .-
mouthed 2-litre glass funnel was connected. A mechanical stirr=r
was positioned so that it could stir the resin slurry when pour=d
into the funnel. The column was first filled with the buffer and
the slurry resin poured into the funnel with stirring. The colunn
was packed to a height of about 130 cm and the funnel and stirr:r

removed; the coloumn was then ready for use,

DEAE Sephadex A50 and CM-Sephadex C50

The preparations of these two resins were similar to those
of sephadex G100 and G25. The only difference was the medium
buffer., DEAE sephadex A50 was washed with, and stored in 50mM
phosphate buffer, pH 6.9 while CM-sephadex C50 was washed with,
and stored in 5mM phosphate buffer, pH 6.0. They were first lert
at room temperature for at least 12 hours after which the AS50
sephadex was packed into a 50 cm X 3.5 cm glass column while the
C50 sephadex was packed into a 40 cm x 3,0 cm glass column. The:
were then transferred to the cold room.

Another very short column (4 cm x 1 cm) of DEAE~sephadex

AS0 was also set up at 4°C. The buffer pH herc was 7.0 and
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NADP* concentration was 4CuM.

2.,4,3, Assays during Purification

Enzyme Assay: The reaction G6P + NADP* = 6-Phosphogluconate +

NADPH + HY
catalyzed by the enzyme G6PD was recadily followed by taking advan-
tage of the optical property.of NADPH: - light absorptien at 340m.
with molar extinction coefficient of 6.22 x 103. The unit of
enzyme activity is the amount of enzyme required to reduce
lumole of NADP* to NADPH per minute at 25°C. The increase in
absorbance of each assay mixture at 340mu per minute was measurec,

using the Gilford spectrophotometer, model 2000, From the
A0D340/minute obtained, the enzyme activity in units per ml was
calculated,

The assays were carried out at 22 + 1%¢ (room temperature) in
Quartz micro cuvettes with light path of 1 cme They were earried
out essentially according to the World Health Organization (WHO)
recommendations (38).,

The assay mixture was

0.1M TRIS-HCl buffer, pH 8.0.

0.1M Mg2+

4mM G6P and 0,33 mM NADP.
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The first three items were mixed to produce the stock solution,
the so=called World Health Organization (1'HO) mixture which could
be stored at - 20°C. Between 0.01 and 0.10 ml of the enzyme
solution was added according to its concentration in a final
volume of 0.3 ml. NADP¥ was added last and water was added to
make up the volume. Typical assay cuvette contained

0.18 ml WHO mixture
0.1 ml enzyme
0.09 ml distilled-deionized water

0.02 ml of 5 mM NADP.

0.30 ml

The cuvette was immediately covered with a piece of parafilm,
the latter was pressed to the mouth of the cuvette and then
inverted 2 or 3 times for proper mixing. The Gilford 2000
spectrophotometer was immediately started to record the change

in optical density at 340 mu per minute.

2.4,4, Protein Determination.

The estimation of protein in the fractions of the effluent
at each purification stage was carried out by reading the optical
absorption at 280 mgd. The buffer used at that purification staget
the blanke

To determine the absolute or quantitative protein concentwation
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of the pool obtained at the end of cach purification stage:
the relationship:
1 mg of protein/ml = optical density reading at 280 mu

was used,

2.4.,5, Purification Process = Conventional Method.

All blood units were collected from the Blood Bank of the
University College Hospital, Ibadan. Expired male blood (blood

that had been stored with standard acid-citrate-~dextrose at 4°C

for 3 to 5 weeks) was used. All procudures were carried out at

4°C or in ice bath,.

1. Preparation of Haemolysate,

This was carried out according to the method of Ratazzi {65)
except that toluene was not included in the haemolysing buffer.

For two variants (variants A* and B*) prepared, the starting
material was about 3 litres of blood. This was centrifuged In a
refrigerated MSE centrifuge at 13 - 15,000 revolutions per minuts
for 30 minutes., The supernatant plasma was decanted. EXcess
EDTA=saline solution was added, gently mixed and then spun
at the same speed for 30 minutes. The supernatant was decanted.
This washing with EDTA-saline solution was done 3 times.

The supernatant was usually clear after the third washing.
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2 volumes of 5 mM Phosphate buffer pH 6.4 were mixed with 1 volun-
of the packed red cells. The mixture was well shaken for a few
minutes and then centrifuged at 13 - 15,00 RPM for 60 minutes.
The "fatty cake" floating was carefully removed and the super-
natant decanted into a flask immersed in ice, This is the haemo-
lysate, Enzyme assay and protein determination were carried out
on a sample of it. Enzyme assay was bétter carried out on a 1:20

dilution of the haemolysate, using 10 UM NADP as the solvent,

2. DEAE cellulose.

This was carried out accordin¢ to Chung et al (3) but with
some modifications. The DEAE cellulose that had been stored in
5 mM phosphate buffer pH 6.4 and kept at 4°c was drained. It
was added in small portions to the haemolysate with gentle
stirring, After 25 minutes the last portion of the resin was
added and the supernatant tested for enzyme (G6PD) activity. It

was usually found to be nil. This is kept in the cold room (4°C)

for about 15 hours and then washed with washing buffer. Elution
buffer was added in 100 ml portions and fractions collected and
assayed for the crude enzyme. 36 - 40% saturated weight of
ammonium sulphate was added (i.e. 220 gm (NH4)2504 to 600 ml

of the crude enzyme) and kept for 15 hours to precipitate the
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enzyme proteine The solution was centrifuged for 30 minutes at
15,000 RPMes Thec supernatant was carefully decanted. Small volumes
of 50 mM phosphate buffer pH 7.0 were added to the centrifuge cupc,.
With the aid of a glass rod the enzyme precipitate adhering to th:
walls of the centrifuge cups was meticulously dissolved in the 50 mi
phosphate buffer, pH 7.0. The solution was centrifuged again

(at 15,000 RPM for 30 min.) and the supernatant, now very rich in
G6PD, was decanted into a small container immersed in ice. Any
undissolved residue was similarly trcated with more 50 mM phosphate
buffer, pH 7.0. The two extracts werc combined so that the pool
did not exceed 90 ml. Enzyme activity and protein content of the

pool were determined.

3. G100 Sephadexs,

The pool from the previous step was applied to the Sephadex |,
»5100 column, and allowed to sink totally before introducing the
50 mM phosphate buffer, pH 7.0. Fraction collector was set up
and fractions collected in tubes 1-180. Flow rate was about 90 ml/
hour. Enzyme activity was assayed at 340 nm and estimation of
protein content done at 280 nm and those tubes with high enzyme
activity but of very low protein content were pooled, G6PD activity

and protein content of the pool were determined.



4, DEAE-=Sephadex A50.

Purification on DEAE-Sephadex AS50 was carried out according tc
Luzzatto et al (100). The pool obtained from the G100 cclumn was
applied to the DEAE-Sephadex column at a flow rate of 60 ml/hour.
The anion exchanger with the bound enzyme was washed with 50 mM
phosphate buffer pH 6.9, which was 0,05M in NaCl. Activity of the
enzyme was determined in the wash-off and there was no activity.
Elution of the enzyme was begun with linear gradient of NaCl whiech
consisted of 1 litre of 0.3M NaCl in 0.05M phosphate buffer, pH 6.9
and 500 ml of 0.1M NaCl in the same buffer., Each solution contained
15uM NADPY, Enzyme ;ssays and OD»gq measurements were c¢arried out
on the fractions of the effluent from the DEAE-Sephadex AS50 column.
Fractions with high enzyme activity but very low protein econtent
were pooleds G6PD activity and protein content of the pool were
measured, (If the volume of this pool is more than 100 ml, one

might set Wp a concentrating device).

Se Dialxsis.

The pool from the previous step was dialysed against 20 mM
phosphate buffer, pH 6.0 to desalt it. With about 100 ml of the
pool, three changes of a 2-litre dfalysis buffer were required

which was replaced after every 2-3 hours. The dialysis buffer
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contained 10uM NADP+, EDTA, €-amino caproic acid (EACA) and mercae
ptoethanols Enzyme solution was then assayed and protein content

determined at 280 nme.

6. CM-=-Sephadex C50-Sephadex G25 combined stage.

For this stage Ratazzi's method (65) was followed, though
with some modifications. The desalted enzyme pool was then passed
through CcM~sephadex C50 column packed with 5 mM phosphate buffer,
pH 6.0, (The enzyme was supposed to bind at this condition).
Gradient: of 20 mM phosphate buffer pH 6.0 to 5 mM phosphate buffer
of the same pH was then set up and passed through the column, This
washed off all the impurities.

2 mM Glucose-6-phosphate and 0.025 NaCl in 20 mM phosphate
buffer pH 6,00 was then introduced to wash off the bound enzyme; the
wash-off was immediately passed through Sephadex G25 column pasked
with 50 mM phosphate buffer pH 7.00. (The CM-Sephadex C50 and
Sephadex G25 columns were connected). After gonnegting the two
columns for 3 hours, bleeding of the connecting tubing was begun
to test for G6PD activity in the effluent comjng from the CM column
to the G25 column,

As soon as no more G6PD activity was detected in this effluentg

the two columns were disconnecteds The 50 mM phosphate buffexrg
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PH 7.0 was then used to elute the enzyme from the G25 sephadex
column, Flow rate was 45 ml/hour and fractions of about 6 ml’

per tube were collected. G6PD activity and OD,gq ©f the fractions
were measured, The final purified G6PD was stored in the cold

room at 4°C.

2.,4.6., Purification Process = Affinity Chromatography Method.

Conventional procedures for the purification of human erythro-
cyte G6PD depend on differences in the physicochemical properties
of the various proteins present in the hemolysate, These differences
are generally not unique and most of the available separation
procedures of a preparative nature are not sufficiently disceimi-
native to permit facile separation of molecules whose physico-
chemical differences are subtle. Therefore purification using
this conventional procedure, is often laborious and incomplete.
In contrast, affinity chromatography is a "functional" purificatiéﬁ“’
approach that exploits the most unique property of enzymes, their
biological function. The tertiary structure of enzymes is generally
believed to be highly selective for maintaining the integrity
of their active centres. The function of the active centres Jimvolves

two separate chemical processes: those of reeagnition and of

.
AP
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catalysis of selected small molecules such as substrates and co-
enzymes, It is the former property, that of recognition, which
forms the theoretical basis upon which the principles of affinity

chromatography have been developed.

Purification Process = Affinity Chromatography Method.

1. Preparation of Hemolysate,

This was carried out essentially according to the method of
De Flora et al (70) but with certain modifications. A bag of male
blood was used for each purification process.

The erythrocytes, after removing the plasma, was mixed with
0.15M KC1l, and then centrifuged at 13 - 15,000 revolutions per
minute for 30 minutes. The supernatant solution was decanted and
the same process repeated until the supernatant solution is very
clear., Four volumes of water were then mixed with a volume of the
packed cells, The mixture was shaken very well for a few minutes
and then centrifuged at 13 - 15,000 RPM for about 40 minutes. The
hemolysate was carefully poured into a flask immersed in ice
leaving the "fatty cake". Enzyme assay and protein determination

were carried out on 1:20 dilution of the hemolysate.
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The following chemicals were then added to the prepared
hemolysate,
(a) 0.2% B-mercaptoethanol.
(b) 1 mM EDTA.

(¢) 2M sodium phosphate buffer pH 6.0 (2.5% of the final volume
of hemolysate).

(d) 1M Potassium acetate buffer pH 5.8 (2.5% of the final volume
of hemolysate).

(e) 2M acctic acid - The mixture is titrated with this acetic
acid solution until its pH is 6.1.

2. N®_(6-aminohexyl)-2'5' ADP

The above hemolysate is then loaded onto the affinity adsorbocnt
column (10 x 1.5 ¢cm) which was previously equilibrated with buffer
A and then washed successively with:
(a) 50 ml of Buffer A.
(b) 50 ml of Buffer B.
(c) Buffer C till the absorbance at 280 my is about zero.
Elution was then carried out with 80% of Buffer C in water

which is 0.2 mM in NADPY.
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Buffer A: 0.1M Potassium acetate + 0.1M Potassium phosphate
PH 6.1.
Buffer B: 0.1M Potassium acetate + 0.1M Potassium Phosphate
pPH 7.85.
Buffer C: 0.1M Potassium chloride + 0.1M Potassium Phosphate
PH 7.85.
All solutions contain 0.2% B-mercaptoethanol and 1 mM EDTA
The eluate as collected from the affinity column contains G6PD
and FX (72)e To get rid of the FX, the eluate is dialyzed against
two changas of 3 litres of 50 mM sodium acetate buffer pH 6.0 for

about 8 hours eache.

3, CM=-Sephadex C=50.

b

This was first equilibrated with the 50 mM sodium acetate buffer
pH 6.0. The dialyzed eluate was then applied onto the CM Sephadex
C-50 column (8 x 1.4 cm). This was then successively washed with
50 mM sodium acetate buffer pH 6.0, 20 mM sodium phosphate buffer
pPH 6.0 which is 25 mM in NaCl and 20 mM sodium phosphate buffer
pH 6.0 which is 50 mM in NacCl.

Final elution of pure G6PD was obtained with 20 mM phosphate

buffer pH 6,0 which is 50 mM in NaCl containing 0.2 mM NADP¥.



Thls method of purification is used to get pure forms of tho

three genetic variants of the enzyme; A% BYand a~.

235a1, Preparation of Buffers,

Data from previous work by Luzzatto et al (18) and Babalola
et al (11) have indicated that most of the buffers used in the
study of G6PD have effects on either the Kn or Vpaxe It was
established that borate, Tris and triethylamine had no effect on
either of these two parameters and these reagents were therefore
used to prepare all buffers from pH 5.85 to 10.00. Regarding
ionic strength; there is evidence from other investigators (66)
that this can affect substrate binding. Furthermere, it is known
that the molecular aggregation state of G6PD is affected by ionic
strength (66,76)« It was therefore necessary to ensure that deter-
minations at all pH values were carried out at the same ionic
strength, which was 0.01. For this purpose, buffers were prepared
by mixing suitable amounts of stock solutions of boric acid, Tris
and Triethylamine according to B;balola et al (11).

Further, since ionic strength determines the molecular aggre-
gation state of G6PD (66) and since it has been inferred by

Cancedda et al (8) that the molecular form of G6PD in Luzzatto's



work (14) is the dimer! different ions were put into the above buffers
to get the ionic strength Luzzatto employed in his work, The buffors
were brought up to this ionic strength by using the following com~
pounds, K2504, MgCly, MgSO, and KCl to mimic otheér workert's condition
for the controversy on cooperativity (14,101). The buffers (pH 5.85
to 10,00) were brought up to the high ionic strength by adding

K804« These were the buffers used in the kinetic experiments from

which K51 and Ksz were gots

2¢5.2. Kinetic Determinations

All reaction velocity measurements were carried out in Turner
recording Spectrofluorometer model 110 modified by us with a ther-
mostatic compartment. The composition of the reaction mixture was
as followsy Buffer : 3 ml; 0.06M G6P : 0.3 ml; enzyme solution
0.01M, water and the substrate, NADP*¥ yere added in different volumes
to have a final mixture volume of 4 ml. The coneentration of the
enzyme solution was adjusted by dilution with 0,05 Triseborate
pH 8.0 so as to give a Vpax ©f approximately 0.06 Ajsgdmin at the
particular pH and temperature in use. The reactiog mixture was
always allowed to reach temperature equilibrium in ghe water bath

attached to the instrument before enzyme solution was added from a
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Lambda pipette. Mixing was effected by the use of a small plastic
sheet, The reactioﬁ tube was covered by the sheet and quickly
inverted three times and recording started immediatelys The pH of
the solution was measured with a PYE Dynacap pH-meter Type M65 =at
the appropriate temperature. The pH values recorded are the ones
thus measured, not the nominal pH values of‘the buffers., It was
found that the pH values thus measured were always a little less
than the nominal pH values of the buffer (about 0.1 - 0.2 pH units).
All enzyme preparations were dialyzed for 4 hours before use
against two changes of 250 ml 0.05M Tris-borate buffer, pH 8.0

containing 0.1 mM EDTA and 10uM NADP'.

NADP* * ADP+
2.5:3s Measurement of Kp 3 xgqnp y xﬁgnp y n and Vpax.

P —

These kinetic constants for the G6PD variants were determined
as described by Luzzatto et al (18), Afolayan (15) and Babalola et
al (11) but with some modifications. NADP® binding to G6PD at a
saturating concentration of 4.5 mM of G6P and at an ionic strength

of 0,01 has been found to conform to Michaelis-Menten mechanism (84), .

From the Lineweaver-Burk equation, 1/yv = 1/Vmax * s a plot

Vmax[s]
of 1/y against 1/[s] yields a straight line. From this plot, the

intercept on the 1/v-axis is 1/Vmax and an intercept on the 1/[sJ-axis
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is =1/kme Hence these two kinetic parameters could be obtained

from these plots at &1l pH values and at all temperatures.

About

“ten concentrations of NADPY were used and all were found to be on

a good straight line (Fig 3).

The following table is a typical sct of readings for the detcr-
NADP+

mination of Km

Table 1

and Vmax?

G6pD A* Temperature 4

Ionic strength ., =

0°c PH 6.86

0.01

[naDp*] x 10%M | v x 10%(moles NADPH min~1y | 1/¢y x 10~2 IE%BF:] x10—6
125.0 4,31 0.23 . 0,008
100.0 4.31 0e23 . ;i;§0.01o

7540 3.99 0.25 }%ﬁfb.013
5040 3.67 0427 . 0.020
3745 3.47 0.29 0.027
25,0 2.76 .0.36 0,00
12,5 2.25 0.44 0.080
10,0 1.86 0.54 0.100
5.0 1,22 0.82 0.200

The G6P solutions were found to be highly acidic and they reduce

the pH of the buffer solutions at the different pH values at the ond



- 98 -

of the run. We therefdre decided to prepare the G6P solutions in
the buffers at each pHe.

At a higher ionic strength, GEPD shows cooperativity with
regards to NADP* binding (14) and so in contrast to the conditions
: - 7 NADP
at lcw ionic strength where there is only one Km and n, the
interaction coefficient is always about one, there are two dissocia-

NADP+ NADP*

tion constants, Ksq and Ksp and n is consistently higher than
1 at all pH values and at all temperatures,

These dissociation constants were determined according to

Luzzatto (44) by calculations employing the following equation:

Xﬂfi = 1 + Ks? + Xsq 43
v 75 [s1?

and n, the interaction coefficient is got from the slope of the

Hillss plot (97) according to tha equation:

= Jog kK + nloglsli
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Table (2) is a typical set of data for the determination of n.
Variant At Temperature 40°c pH 6.86, Ionic strength = 0,01

-9 -
Vmax = 4,90 x 10 moles NADPH min-i.

[naDp*] x 108M vx 107 | Yy, |loglnapptly 1og V/y = v,
125,0 4.31 0.88 2.097 0.87
10040 4.31 0.88 2.000 0.87
7540 3.99 0.82 1.875 0.66
5040 3.67 0.75 1.699 0.48
3745 3.47 0W71 1.574 0.39
25,0 2.76 0.57 1.398 0.12
12.5 2.25 0846 1.097 -0,07
1040 1.86 0.38 1.000 -0.22
5.0 1,22 0.25 0.699 ~0.48

2¢5.,4, Calculation of activation Encrgy, Ep, and enthalpy change,

AH, of G6PD- catalyzed Reactions.

The activation energy, Ep, as @ function of pH and for the
three variants A% BYand A~ was obtained from the respeetive Vpax
values measured at different temperatures and pH values. Similarly,

AH, the enthalpy change of the reaction, was calculated from the
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NADP*
Km values, In both cases, Vant Hoff's isochore was applied:
dln VmgiS L EA
dT RT2
" 1nV “ o By
. max - —~. 4+ constant,
RT
NADP+
and dln K
m— = ﬁ
daT RT2
. NADP*
+» 1n Kp = _ 0H 4 constant.
RT

NADP*
Plots of logKm against pH at different temperatures were obtained,

Plots of log Km at constant pH (obtained by linear interpolation
between adjacent experimental pofats) against 1/T are linear,

indicating that within experimental error, we may assume that

ACp & (f¥§%) p. = 0 over the temperature range (20 - 40°C) of

determination of these kinetic paramcters and hence that we can

calculate ‘AH from the slopes of these plots (102).

S "B = =2.303 R x slope of a plot of logqg Vmax against 1/p
NADP*
and AH = =2.303 R x slope of a plot of log,, Kn against 1/7

where R = gas constant = 1,987 cals mole™} oerts

The slopes of the best straight line¢s were used in calculating the

different AH's at the different pH values. A smilar procedure was

NADR* NADEY
used in calculating Ej and for AH in the case of Ks4 and Ks, .
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CHAPRPITER 'TH RIBEEB

EXPERIMENTAL RESULTS

3.1.1. Purification of the A, B*and A~ Genetic Variants of G6PD
using both the Conventional IMultistep and Affinity
Chromatography Methods.

The patterns of elution and separation from the other pro%aeins
of one of the variants (G6PD B) from the various chromatographic
columns employed for the conventional method of purification arc
shown in figure 1. Variants A' and B' behaved similarly in all thc
steps of the purification but variant A  because of its inherent lani-
lity and deficiency is-not purified by this long multisteé method,
The recovery from the CM-sephadex for the two variants was very g¢ood
(about 85% of what was applied). This is in consonance with Ratta-
zzis finding (65). The two variants were effectively eluted by 2ni
G6P as a single peak from this column.

bable 3 summarizes the purification of A'Yand BYvariants by the
conventional multistep method. The tables show that final specific

activities of both preparations are above 150 units/mg profein.



Figure 1;

- 102 =

Purification of Glucose 6-phosphate Dehydrogenzss
by the Conventional method. Elution profile of
G6PD Variant B' from the three chromatographic

columnse.

® —3—6 Protien o0-0-0-0 Enzyme activity
(a) From Sephadex G100 column,
(b) From DEAE Sephadex A50 column.

(c) From CM Sephzdex C50 column,
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Figure 2 shows the elution profile of G6PD B from the NG- (6w
aminohexyl)--2'5' ADP- sepharose column employing a gradient of NADE*
from 0.25mM to 0.01mM. The patterns of elution from this affinity
adsorbent are similar for both variants A' and B% The recovery fron
this column is between 45-80% for the variants A' and B*and about 25°
for the A~ variant.

Table 4 shows the purification. summary for the three genetic
variants of human erythrocyte G6PD (A%, B*and A ). The final specific
activity for G6PD A* and B'variants is above 160 units/mg protein whilc
for variant A , the specific activity is very low, about 15 units/mg
protein.

" N..DE*
3.2.1. Dépendenece of logKp on pH and Temperaturee.

NADP*
Values,of Kp , the Michaelis constant for NADP* were detcr-

mined by standard double reciprocal nlots (LineweaversBurk method #85)
of 1/v against 1/[NADP+] for the threc genetie variants ef human
erthrocytc G6PD (&, B*and A”). All cuch plets at the various pH
values at a constant ionic strength of 0.01M and af different tempe-
ratures for the three enzyme variants investigated gave very good
straight lines. The linearity of thuese plots demonstrates the absence

of coopcrativity in the binding of !IiDP* to the enzyme variants at



Figure 2;
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Purification of Glucose 6-phosphate Dehydrogenase
by the Affinity Chromatography method Elution
Profile of G6PD Variant BYfrom two chromatographic

columnse.

3
e—0 —w Protcin 0O - @ - m -0 Enzyme Activi

. .

(a) From Sepharose-2!5¢ ADP column; 10 ml/fractisn

(b) From CM Sephadex C50 column; 2 ml/fractien.
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this low ionic strength of 0.01M. Figure 3 shows typical double
reciprocal plots for the three G6PD variants. Figure 4 shows plotc

of V/v against [NADP*] and these plots are essentially hyperbolic,

max

Table 5 shows the dependence on pH of 1ogK§ADp+’ the Michaclic

constant for NADP* for the three G6PD variants at the different tcn--
peratures, The K%ADP+ values and their standard errors were calcu-
lated by the use of least square procedure,

The variations of logkNADP® with pH for the AY B*and A~ G6PD
variants at the different temperatures were shown in figure 5. The
variation of l¢gK%ADP+ with pH forvariant A™ was determined at threce
temperatures because of the small enzyme activity recovered at every
purification and of course because of its unstability. The variation

ADP+

of logKmN with pH is complex unlike the behaviour of leg Vpax.

For the three variants, there is an increase of log KgADP+ betwecn
pH6.00 and 6.50 and from pH8.4 upwards for variants A¥and A~ but from
pH 8.90 upwards for variant BY Between pH 7.40 and 8.40, there is

a gradual increase of 1ogKI,;11ADP+ for the three variants at all tem--
peratures. They all have two minima each, one at an acidic pH and
one at an alkaline pH. But the positions of these minima are almnost
identical for variants A" and A~ but different for variant Bh

+
KNADP has been interpreted as the dissociation constant for

m
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Figure 3: Lineweaver and Burk double reciprocal plots of 1/,

against 1/[yapp*]

0 -0 -0 Por G6PD A*.
A - A=A For G6pD BY.

.

-—© — e« For G6PD A .
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Figure 4:
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Plots of the normalized reaction velocity against
NADP* concentration at the low ionic strength

of 0.01 (conductivity 1.12 mmho) and at 34°c,

0 - 0 - 0 At acidic pH.

") -

= % =& At alkaline pH.

(a) For G6PD A.
(b) For G6PD Be.

(c) For G6PD A™.
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the G6PD-NADP+ complex (13, 14)y the enthalpy charge for the disse-

ciation of this complex AH, can be calculated from the temperature

NADP+ . NADP*
dependence of loKp . Figure ® shows typical plots of logKm\

against 1/p for variant B. These plots are linear, indicating

that within experimental error, we may assume ACp = 0 and hence we
can calculate AH, the enthalpy change, from the slopes of these ;
plots. The values of this enthalpy change at different pH values }
for the three G6PD variants are shown in Table 6. The standard |
error in BH is 40.04-0.5 kcal Hohe N\ Figure % shows the depen-

o |
dence on pH of AH for the & B*and A G6PD genetic variants. The h

three variants show similar behaviour, they all have two minima,

|
one in the acid and the other in the alkaline regions. The positionsﬁ
of these minima are the same for voriants A~ and B} at the acidic 0
i

region - pH 6.60 but different for variant AYwhich is at pH 6.80. ’
U

The minima at the alkaline region are the same for variants A and &% 4
|

being at pH 7.60 but different for A which is at pH 7.40. I
i
i

on pH and Temperature 3

[

l
[

Figure f¥'shows the variation of logV,., With pH for the thr = |

3.3.1. Dependence of logVmax

G6PD enzyme variants (}f, B'and A”) at the different temperatures. |
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Table 7 shows the values of log Vp,x at different pH values and ten:..
peratures for each of the Aﬁ B* and A~ agenetic variants of human

erythrocyte G6PD.

Between pH 5.80 and 7.00, there is a systematic increase in
logV,ax for the three enzymes at all temperatures.  Above pH 7.0,
logVnax increases very gradually to pil 8.0 beyond which an almost

platecau is observed.

Activation energies, E,, were calculated from the slopes of

Arrhenius plots of values of logVyax at.constant pH against 1/7.
Typical plots are shown in Figurel3:for the 0 G6PD enzyme. The three

enzyme variants show very similar devendence of E, on pH, there being

a gradual fall of the activation energy from about 16 lcals mole—lto aboufi
8 kcal mole~l in thc pH.region between 6,2 and 9,0 as shown in Figure f§§
The values of E, at different pH values for the three enzyme variants are
shown in Table 8. The standard errors in Ep for the three enzyme

variants range between +0.08 and +0.7 kcal #6168 T

3.3.2. Tonization of the Groups influencing the Dependenge of Vess #4
on_pH. i

Assuming the existence of two :pecies of the enzyme-substrate J

|

complex corresponding to the acid and alkaline forms whigh are in
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equilibrium and represented by the equation.

H'ES > ES + H

T

where H+Es corresponds to the acidic form and ES, the enzyme-substrcie
complex in the basic form, one can write an equilibrium constant
expression relating the pH dependence of Vinax according to the follo-

wing equation:

o o [Ead ]
3 _H+ESJ

where K, is the ionization constant of the ionizable group on the
enzyme=substrate complex, and EH*ES~ and [ES] are the conesengretiens
of the acid and basic forms of the enzyme-substrate complex.

Rewriting the expression,

Ka = [Es]
[1"] Cu'esd

rot rot
oy btl .HEES‘ b4 . [n'Es] s [Es]

Ka = T ES
[ Ep ]

[ ES ]
where [ETJ = [H+ESJ o

[Es]
—‘-—5K° [es]
Ka + tH’ - [ET]
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lest = k., [(EQ

[a*]
Ka + LH |
where [ES] is the concentration of the active enzyme-substrate complzic.

Multiplying both sides of the equation by the kinetic rate coin.-

stant k, where Vpzx = k TES] we have
8 r
Vmax = k Ka “ETJ
r +
K, +/™]

In an alkaline medium when the ionizable group is in 1ts conjugate base

form, the whole enzyme, E. is in the formof ES cemplex and the valw:

P
of Viyax under this condition is Vi3

leeepy VAl = Kk Eﬁ;;],alk = k [ETJ

K + EH+:
a
Valk w 1% TH°]
Vmax ‘3
: +

Ka ° Vaxk
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.+ A plot of 1/V against [H+3 (figure Gi) should be linear

max

with a slope of 1/K and an intercept on the 1/V__= axis of

2-Vale
1/Va1x- From the ratio ef the intercept to the slope we obtained K
for the three enzymesat four temperatures. pKa values for the three
enzyme variants at the four temperatures of investigation are shown
in Table 9¢ From the plot of pKa against 1/7(Pig.™M.) we obtained the
enthalpy of ionization of the groups responsible for the increase in

enzyme activity as the pH increases. AHZ for the three G6PD variants

are shown in Table 10.

+
NADP 2
3.4.;4 Dependence of logK51 and logxggnp on pH and Temperature
for BYG6PD Enzyme
NADP* NADP"
The values of K51 and K52 , the dissociation constants

for the G6PD-NADP+ compex at low and high affinity for napp* respec-
tively were determined from the following equation according to

Luzzatto (14):

2 & 551 Kgy

sl rs)?®

The double reciprocal plots of 1/v against 1/[NADP"'J according
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to Lineweaver-Burk method (85) are not linear at this high ienie
strength unlike the case with low ionic strength (see figure 3§,

Figure 28§ shows plots of V/Vpgay 292inst [(NaDP*] for variants A -nd

B and these are sigmoid shaped showing the presence of coopera-
tivity in the binding of NADP* to the enzyme variants at this

high ionic strength.
p¥

N
Table 11 shows the dependence on pH of log K¢ and log

NADP*
Kso for G6PD variant BYand at four temperaturess The

~ NADPY NADP+
variations of 1log K51 and log Ksp with pH for the BYvariant

1

enzyme at the different temperatures are shown in Figure 18. The

! NADP+ NADP*
variation of log Ks, with pH is similar to that of log Kp

but log KsiDP+ gave a-different pattern., It incrcases between
pg\S.OO and 6.70, then decreases to a minimum at all temperatures
at pH 7,00 and a gentle increase between pH 7.00 and pH 7.60

The AH for the two complexes between G6PD and NADP* at low

and high.affinity for NaDp?t respectively were calculated using

the ‘same procedure as that used for the calculation in the ease

NADP¥ - L o
of Kp o« Figure 1% shows the dependence on pH of the two AH's
+ NADP*
for G6PD B. The AH profile from K52 is almost similar to that
- -
for K%ADP while that for Kgqnp looks almost like the inverted

picture of the latter.
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NADp*
The AH profile- for Ks, shows two minima, one each at

neutral and alkaline pH regions - one at pH 7.0 and the other ot
around pH 8.40. The AH profilefer KE?DP* instead, shows two maxina,
one each at neutral pH of 7.0 and the other at =2lkaline pH of 7,39,
Table 12 shows the values of AH's (the two enthalpies)at
different pH values for variant BT
The dependence of log Vpax 2t this high ionic strength on pH
is tbe same as that.ai lower ionic strength except that the Vpax
are consistently higher at all pH's and temperatures than for the
iowfionic strength case. Table 13 shows the dependence of this
log Vmax on pH at the four temperatures, E; (activation energy)
iﬁ got from a plot of log Vpax against 1/T as has been described
for the lower ionic strength case. Figure 38 shows the dependenge

of log Vyax on PH at the four tcmperatures between 20 - 40°c,

Figurc 19 shows the variation of E; with pH and this is essentially

similar to the Ej at the low ionic strength except that fhe values

are less as could be seen in Table 14.



w CLTE

3,4.2, DEPENDENCE OF INTERACTION COEFFICIENT ON BUFFER:
COMPOSITION, pH AND TEMPERATURE d

The values of the interattion coefficient, n, are calculated

from the plot of 1°9V/vm€f' against log [NADP*] ‘according to Hill

equation (97). In practice only the middle po:r-tions of these plots
are straight and so the n values were got by calculating the slopes

of the middle portions of the plots. Figure20f@)shows typical plots
v . »

of log /vmgg' against [NADP*] .céording to the following élgation:

log V/VpmagV = n log [NADP*] ¥ log X.

Table 15 shows the dependence of n, the interatisn soefficiont

.

for the NADP* binding ‘to human erythrocyte G6PD variants A' and & on

buffer compositions, pH's and at the same temperature (room temperature

"9 Table 16 shows the variation of n with different pH values and
at different temperatues for variant 8", n increases linearly with
temperature at all pH values. It could be secen that n also increases
systematically from acid pH to alkaline pH. It has the lowest value
at the least acid pH investigated and the highest value at the highest’

i

alkaline pH considered at a constant temperature. b

.
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TABLE 3(a)

'PURIFICATION OF HUMAN ERYTHROCYTE G6PD TYPE BY

CONVENTTIONAL METFOD

GEED SPECIFIC
VOLUME | 2 ... { PROTEIN | ACTIVITY | PURIFICATION | ... %
. . . S = R
Purification Step (mls) UNITS /il Mg/m; UNITS/mg TIMES ONTTS RECOVERY
Protein
HAEMOLYSATE 4250 4.6 80 0.065 1 18,360 : 100
DEAE CELLULOSE 2600 . 3.2 f 7,962] 43.4
(NH4)2SO4 PRECIPITATION
AND RESUSPENSION IN BUFFER 92 64 .8 6,060 33.0
SEPHADEX GlO0O EFFLUENT 85 65.2 2.93 223 343 5,542 30,2
DEAE SEPHADEX AS50
EFFLUENT 535 2.8 0.22 44 .5 684.6 5,243 28.6
DIALYSIS AND CONCENTRATION 200 2555 0.65 39.0 600.0 5,100 2158
CM SEPHADEX C50
Cum SEPHADEX G25 EFFLUENT 82 53,0 0.382 .[138,7 2,134 4,351 23.7
CONCENTRATION AND PASSING 3 i
THROUGH SEPEADEX COLUMN 63 55.0 0.036 152.8 23,505 3,465 18.9
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THBLE 3(b)

PURIFICATION OF HUMAM ERVTHROCYTE G6PD TYPE A

CONVENTIONAL METHOD.

and SPECIFIC
(-4
PURIFICATION STEP YgigTE ACTIVITY PROTEIN 3;?;;;;; PUR;?;EQTION E:?ig L
RECOVERY
(UNITS/ML) | (mg/ml) | poomnte
HAEMOLYSATE 4950 4.7 92.4 0.06 1 23,058 100

DEAE CELLULOSE EFFLUENT| 2890 4.6 i 13,338 57.8
(NH4 SO, PRECIPITATION

RESUSPENSION IN

BUFFER 90 97.2 2.80 34.6 576.7 8750 40%

SEPHADEX G100 EFFLUENT 200 40.6 .505| 804 1340 8125 35.2
DEA SEPHADEX A50 )

EFFLUENT 270 18,5 0.15 - | 123,3 2055,6 4995 21.7
DIALYSIS AND €ONCENT= ‘- : 2

RATTION 100 48.1 0.36 135.4 2256.7 4810 20.9
CM SEPHADEX C50
CUM SEPHADEX G25

EFFLUENT N 68 | 64.8 0.3% 166.2 2769.3 4335 18.8
CONCENTRATION AND
PASSING THROUGH e =
SEPHADEX COLUMN 55 54.0 0.03 181.5 30,250 3005 15.9




TABLE _4(a)

PURIFICATION OF HUMAN ERYTHROCYTE G6PD TYPE

A' AFFINITY CHROMATOGRAPHY METHOD

Specific
PURIFICATION STEP Volume |Activity| protein | Activity | Total %
(ml) Units/mg| mg/ml Units/mg | Units |[Recovery
Protein
HEMOLYSATE 450 255 28.09 0.091 1147.5 100
2'5' ADP SEPHAROSE
ELUENT 97 5.79 0.41 14,12 561.4 | 48.9
CM-SEPHADEX C50
ELUENT 24 9.39 0.053 177.2 225,.,4 19.64
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TABLE 4(b)

PURIFICATION OF HUMAN ERYTHRQCYTE G6PD TYPE

B* AFFINITY CHROMATOGRAPHY METHOD

Specific
PURIFICATION STEP Volume |Activity | protein| activity | Total %
(ml)- |Units/ml | mg/ml Units/mg | Units |Recovery
Protein
HAEMOLYSATE 400 Ls7 6.35 0.27 680 100
2'5' ADP SEPHAROSE
ELUENT 7.5 7.0 0.085 82.4 524 77«1
CM-SEPHADEX €50
ELUENT 19 9.4 0.057 165,.2 178.6 26.3




TABLE 4(c)

PURIFICATION OF HUMAN ERYTHROCYTE G6PD TYPE A~

AFFINITY CHROMATOGRAPHY METHOD

Specific
PURIFICATION STEP Velume | Activity Protein| Activity| Total %
(ml) Units/ml | mg/ml Units/mg| Units | Recovery
Protein
(NH4)ZSO4 PRECIPITATION
AND RESUSPENSION IN
BUFFER 43 2'e2 5.45 0.403 94,6 100
2'S' ADP SEPHAROSE
EFFLUENT 15.8 1.48 0.155 9.55 23.4 24.8
CM=~SEPHADEX C50
EFFLUENT 57 L322 0.073 16.71 740 7.4




- 121 -

TABLE 5

+
DEPENDENCE ON pH OF log KhDF'FOR THE G6PD A, BYAND A=,

(a) Temperature : 20%.
+
- log K%ADP
pH A* B? A"
595 5.09 + 0.01 5427+ 0,01 5.15 + 0,01
6.60 4.88 + 0,01 5.03 + 0.01 4.96 + 0,01
7.05 5.06 + 0,01 5.23 + 0.03 4.94 + 0.02
7655 5.07 + 0.01 5.05 + 0.01 4.74 + 0,01
8.04 4,99 + 0,01 5.06 + 0,02 5.45 + 0.02
8.86 4.98 + 0.02 5.17 + 0.01 4.88 + 0.02




TABLE 5
(b) Temperature : 2 ToC
e
NADP
- lo.g Ko 3 . !
pH At 3* A~
6.00 4.95 + 0.02 5.07 + 0.01 5.10 + 0.03
6.60 4.82 + 0.01 5.00 + 0.01 4.89 + 0.01
6430 4.85 + 0.01 5402+ 0.01 4.95 + 0.02
i
7.00 4.96 + 0.02 5¢11 + 0.02 § 4,70 + 0,02
X 5 | i
'
7.50 4.93 + 0.03 5.00 + 0,01 | 4.48 + 0.02
I
8405 4.85 + 0,01 4,99 + 0.01 | 5.41 + 0,01
8.50 4.93 + 0.01 5.01 + 0.01 g 5.38 + 0.02
|
8.90 4.87 + 0.01 5.12 + o.oz_j 4.81 + 0.02

o ———

8 T e ——— o —— —

-




(c)

Temperature : 34°C
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TABLE 5

——
- log KNADP
m - ——

pH At ! RY A~

}.. SN, V A
6.00 4,80 * 0.01 S04 + 0.01 5.02 * 0.01
6.60 4,73 0,02 4.93 * 0,01 4,85 + 0.01
6475 4,78 + 0,01 4.94 + 0.02 4.88 + 0.01
6.95 4.92 +0.01 5.02 + 0.02 4.48 + 0,01
7.45 4.86 .+ 0.02 4.96 + 0.03 4.40 + 0,02
8.02 4<69 + 0.03 4.93 + 0.01 5.22 + 0,01
8.40 4,75 +0,02 4,94 + 0,01 5.26 * 0,02
8.80 4,72 + 0.01 5,00 + 0.01 4,65 * 0.01
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TABLE 5
(d) Temperature : 40.0°%
T log (NVADR ‘3
BRI m. e AL ST SO
+ 4+
pH 5 A =\ o B-._ 1
6.05 4.71 + 0.02 4.97 + 0,02 i
6.52 4,67 & 0.01 | 4,90 3 0.02 |
6.78 4474\+ 0,01 4.91 + 0,01
6.95 4.82 + 0,01 4,92 + 0.01
7.50 4474 + 0.02 4,90 + 0,01
7495 4,58 + 0,02 4.85 + 0.03
8.35 4.62 + 0.01 4.88 + 0.01
8.70 4.55 + 0,02 4.93 + 0.01 !
el P




TABLE 5(e).

o
e
AT A

-

DIFFERENCES IN THE COOPERATIVE PARAMETERS OF THE TONIZING

GRQUPS OF ERYTHROCYTE G6PD VARIANTS :

B+

A™

Ke 3589 x; 10:70425 1.07 x 1071 6.42 x 10-30.4
Kgg :.30 x 1038462 | 5 56 »x 10=47-69]¢ g7 x 10~27-88
n 12 12 o
3 & bl 10 4.20
Y 6466 6.67 iz
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TABLE 6

DEPENDENCE ON pH OF AH FOR THE AY, BYAID A~ GENETIC VARIANTS OF HUM.L'
ERYTHROCYTE _ G6PD

, - -~
! AH (KCALS MOLE™ 1)
'
i —- -
{ N B* A” ;
6.20 7.32 + 0439 5,25\ 0.25 | 3.49 + 0.22 !
= v = \
6.60 4.88 + 0,62 3.43 + 0.06 2.86 + 0.08
6.80 3.97 + 0.19 4.71 + 0.10 3.49 + 0.17 ‘
]
7,00 4.58 + 0.22/ |  7.12 + 0.11 4.81 + 0.16
7.40 5.72 + 0u04 4.94 % 0.17. 3.57 + 0.06 |
7.80 6.01 +°0.06 4.58 + 0.11 5.67 + 0.15
8.20 8+15 + 0.08 5.61 + 0.17 6.64 + 0.12
8.60 8.84 + 0,28 6.61 + 0431 8.69 + 0.24
& & ' =
s 1 o j
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TABLE 7

P pPD A AND B%
DEPENDENCE ON pH OF log V.. OR G6PD

(a) Temperature : 20.0°C
- 1>g ViAx

PH A* B*

5095 9.06 + 0,01 9.18 + 0.02
6,60 8.72 % 70.01 8.79 + 0.03
6.80 8.68,+ 0,02 8.72 + 0.01
7.05 8.68 + 0,01 8.63 + 0.01
7.55 8,51 + 0.03 8.54 + 0.01
8,04 8.46 + 0.01 8.41 & 0.02
8. 30 8452 + 0,02 8.37 + 0.02
8.86 8.59 + 0.01 8.58 + 0,01
9.35 8,70 + 0,01 8,79 + 0.01




TABLE 7
(b) Temperature : 27%
! - log “nax i
I =
A T2l N ok 1
6.00 | 9,01 + 0.0% , 8.84 + 0,01 i
6.60 | 8.65 £.0.02 |  £.61 & 0.01
6.00 | 8.50 + 0.01 s 8.56 + 0,02
7.00 8.51 + 0,01 f 8.50 + 0,02
7.50 8.44 + 0,01 f 8.36 + 0.01
8.05 8.35 + 0,02 |  8.31 + 0.03
8.50 8442 + 0.01 g 8.25 + 0,01
8.90 8.47 + 0.01 |  B8.46 + 0,01
9.30 8.62 + 0.01 i 8.71 + 0.02
!
i
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TABLE 7
(c) Temperature: 34°C
- 1og Viax
pH A* BY
o S

6400 8.74 + 0.02 8.70 + 0.02
6660 8.45 * 0.03 8425 + 0.01
6475 8.35 + 0,01 8.20 + 0,02
6495 8.34 + 0.01 8.15 + 0,02
745 8.30 + 0,01 8.11 + 0,01
8402 8.26 + 0.02 8.14 + 0,01
8440 8.28 + 0.01 8.18 + 0,01
8470 8.35 + 0.01 8.24 1.0'01
9,20 8.48 + 0,01 8.50 + 0.01
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TABLE 7/

(d) Temperature:

40.0%¢c.

= 109 Vpax

pH A' B*

! 6405 8.49 + 0402 3.43 + 0,02

| 6452 8.35 + 0.01 8.18 + 0.02
6478 8.29 + 0.02 8.12 + 0,03
6495 8.26 + 0.02 8.03 & 0,01
7.50 8.24 + 0,01 8.04 + 0.01
7695 8.21 + 0.01 8.05 + 0.02
B¢35 8.19 + 0.01 8.07 + 0.01
8470 8.23 + 0.01 8.13 + 0,02
9420 8.36 + 0.02 &
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TABLE 7

(e) DEPENDENCE ON pH OF log Vmax FOR G6FPD A~

lug Vmax
i
pH 20%c 27R¢ ¢  34%
5.80 -0.160 + 0,02 | =0.041 + 0.02 | 0.090 + 0.01
6.53 0.6 + 0.01 0.60 + 0.02 | 0.75 + 0.01
7.00 0.55 & 0,02 0.70 + 0.01 | 0.90 + 0.02
745 0.60 + 0.03 0.76 + 0.02 | 0.95 + 0.01
8.15 0:65 + 0402 0.80 + 0.01 | 1.01 + 0.02
8.50 0.87 + 0401 0.87 + 0.02 | 1,05 + 0.01

8.80 0.76 + 0,01 0.89 + 0,01 1.04 + 0,02
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TABLE 8

DEPENDENCE ON pH OF E, FOR THE A} BYAND A~ GENETIC VARIANTS OF

HUMAN ERYTHROCYTE G6PD.

g, (KCALS MOLE™!)

pH At Bt l A

6 620 14,19 + 0,22 16,02 #-0.22 | 12.54 + 0,13
6.60 11,90 + 0.39 | 16434 + 0.28 | 11.58 + 0.36
7.00 12,08 + 0.50/ [\ 16.24 + 0.50 | 10.87 + 0.36
7.40 9441 # 0.39 | 14.74 + 0.72 | 10.30 + 0.18
7480 8431 # 0.22 12,13 + 0.56 9.98 4 0,22
8,20 7432 # 0.08 9.31 # 0.06 | 10.30 + 0.13
860 7471 + 0,56 | 10.20 # 0.72 | 10.07 + 0.18
9.00 7.69 + 0,17 9.81 + 0.39 9.46 + 0.27
9.20 7.82 + 0.11 8.89 + 0,56 =
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TABLE 9
pKa OF THE IONIZABLE GROUP ON G6PD VARIANTS &', B'
AND A™ ON BINDING NADP*.
pPKa
T°K B* 2 A~
293 6.82 + 0.03"].6.69 + 0.03 | 6.9C + 0.02
300 6.59 + 0.03 | 6.44 + 0.03 | 6.68 + 0.03
307 6.38 + 0.02 | 6.29 + 0.03 | 6.45 + 0,03
313 6.15 + 0.03 | 6.10 + 0,02 -
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TABLE 10

THE ENTHALPIES OF IONIZATION, AHQ OF THE IONIZABLE

GROUP FOR THE THREE GENETIC VARIANTS OF G6PD.

gld
G6PD VARIANT | ~=AHS (kcal mole )

B* 14.19 + 0.29
At 13.27 + 0.22

A~ 13.73 + 0,27
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TABLE 11

NADP* NADP*
DEPENDENCE ON pH OF log Ks, AND log Ks, FOR

B~ GENETIC VARIANT OF HUMAN ERYTHROCYTE G6PD-

(a) Temperature: 20°c

pPH - log KgiDP+ - 1log K220P+
6410 4.85 + 0,03 5.90 + 0.02
6470 4.80 + 0.04 5.58 + 0.02
700 4.94 + 0.02 5.62 + 0.01
760 4.86 + 0.04 5.60 # 0.01
790 5.00 + 0.01 5.51 + 0.02
8440 4.95 + 0.02 5.41 + 0.04
8490 4.79 + 0.02 5.46 + 0.04
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TABLE 11
(b) Temperature: 2706

NADPY NADP*
pH - log Ksq log Kg
6010 4,74 + 0.02 5.65 + 0.03
6,70 4.69 + 0.01 5.52 + 0,01
700 4.77 + 0.02 5.55 + 0,02
760 4,79 A 0.02 5.43 & 0.06
790 4,82 + 0.02 5.38 + 0.01
8440 4.80 + 0.02 5.30 + 0.02
8490 4.71 + 0.04 5.35 + 0.02
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TABLE 11
(c) Temperature: 34°¢
NADP* NADP+
PH - log K4 - log Ks,

6410 4.67 + 0.04 5.52 + 0.02
6470 4.61 + 0,01 5.46 + 0.02
7400 4.74 + 0402 5.49 + 0,04
760 4.65 +.0.02 5.24 + 0,02
790 4.69 +0.02 9iei22 L4 0.02
8440 4.71 + 0.06 5.20 + 0.02
8490 4.58 + 0.01 5.27 % 0.04
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TABLE 11
(d) Temperature: 40.0%

NADP* NADP*
pH - 109 K51 - og KSZ
6.10 4.63 + 0.02 5.45 + 0.02
6470 4.53 + 0.02 5.38 + 0,01
7.00 4,64 + 0.02 5.45 o 0.04
760 4,60 + 0.03 5.06 i 0.02
7490 4.63 + 0,04 5.05 + 0.02
8.40 4.60 + 0.02 5.07 + 0,02
8,90 4.51 + 0.01 5.17 # 0.02




ThBLE 12

NADPY NADP*
DEPENDENCE ON pH OF AH FROMIog Ksq AND log K52

DATA FOR GENETIC VARIANT B'OF HUMAN ERYTHROCYTE G6PD

AH FOR AH FOR

NaDP¥ nappt
PH log Kgq log Kg,
Ga2 4458 +/0415 9.38 + 0,13
646 5.49 + 0.08 4.81 + 0.10
648 6.41 + 0.05 1435 + 0.04
740 6.86 + 0.19 3.70 + 0.11
746 6.10 + 0.11 11,23 + 0.15
748 | 8.50 % 0.10 10.53 + 0.09
842 7.85 + 0.04 8.69 + 0,06
844 7463 + 0.08 6.86 + 0.07
8.8 7019 + 0.12 6.66 + 0,14
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TABLE 13

DEPENDENCE ON pH OF log Vpay AT HIGHER IONIC STRENGTH

FOR THE HUMAN ERYTHROCYTE G6PD B:

log Vpax

pH 20°¢ 27°% 34°% 40°C

6410 - 0.20 + 0,01 | = 0.023 + 0.01 | 0.17 + 0.02| 0.24 # 0.C.
6470 0.46 + 0.02 0,63 + 0.01 | 0.79 + 0.01] 0.88 + C.CL
7400 0.72 # 0.02 0.85 + 0.02 [ 0.92 + 0,02| 1,02 + 0,01
7460 0.92 + 0,01 1.01 + 0,02 | 1.13 + 0,01} 1.19 + 0.02
790 0.93 #0.01 1,05 + 0,01 | 1.14 + 0,01} 1,18 + 0.0
8440 0.94 % 0,01 1,04 + 0.02 | 1.15 + 0.01| 1.24 + 0.01
8490 1,07 + 0,02 1.17 + 0,01 | 1.23 + 0.01] 1.28 + 0.0~
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TABLE 14

DEPENDENCE OF E, ON pH AT NIGHER IONIC STRENGTH FOR

HUMAN ERYTHROCYTE G6PD B?Y

pH E, (KCALS MOLE™!)
6.10 10.90 + 0.38
6470 8.93 + 0.10
7.0 6.97 + 0.11
& 6.54 + 0.14
A9 7.02 + 0.14
844 6.00 + 0.14
8.9 6.00 + 0.13
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TABLE 15

DEPENDENCE OF n, THE INTERACTION COEFFICIENT ON BUFFER

COMPOSITIONS AND pH FOR G6PD VARIANTS A' AND BY

BUFFER n, INTERACTION COEFFICIENT

COMPOSITION A* BY

CONDUCT~-
IVITY
(mimho)

TRIS - BOj
I = 0.01

pH 8.0 1,12 N1 0,12 1,18 + 0.08

I+

TRIS = BOjy
0e5M
PH 840 2635 1.66

I+
o
L ]
o
O

1,91

I+
o
.
-
w

TRIS = HC1l

0,05M +

0.10M KC1
PH 743 20.0 1.23 + 0.04 1.27 + 0,11

TRIS = HCl
0.05M + 0.10M
KC1l + 4mM
MgCl, pPH 73| 20.7 1.51

0.11 1.30 0.06

I+
I+

$%§?




TABLE 15 (contd.)
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BUFFER
COMPOSITION

CONDUCT-
TVITY

(mmho)

INTERACTION COEFFICIENT

A"

B+

TRIS == BO3
I = 0,01 + 4mM
K2304

PH 7495

153

I+
o
L]
TR
nN

0.11

I+

TRIS = BOjy
I = 0,01 + 4mM
MgClsy

pPH 7.97

|+
o
.
o
0

TRIS ~ BO3

6mM MgSo,
pPH 7497

1.41

TRIS = BO3

I = 0,01+

37mM. MgsSO4
PH 797

6.22

1.44

|+
o
L]
RN
PN

1.41

0.07

I+

TRIS - BO3
I = 0,01M +

3mM MQSO4
PH 5.92

1,04

1.07

0.10

I+
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TABLE 16

DEPENDENCE OF n, THE INTERACTION COEFFICIENT ON.pH. AlD

TEMPERATURE FOR G6PD VARIANT B

n, INTERACTION COEFFICIENT

pH r-20% 279¢ 34°¢ 40°¢

6.10 1,02 + 0.12 | 1,18 + 0411V} 1,20 + 0,13 | 1,32

4 -—

|+
o
.
[N
o0

I+
o
.
o
\l

6.70 1,06 + 0,13 1.11 + 0.08 1.17 + 0,07 1.30

7.00 0.98 + 0,09 1.12 + 0.06 1.23 + 0.04 1.33

I+

|+
o "

760 1,03 + 0.08 1.38 0.10 1.53 0.14 1.67

I+
|+

1.33 1.48 + 0,08

(0]
L]
=
o
=
L]
=
(0)]
I+
(=]
°
[
[y
[N
o
n
~
i+
o
L]
o
®
I+
o
L]
o
~
I+

1.79 0.18 1.87 0.08

w
.
%o}
o
[N
L]
>
w
I+
o
o
Y
o
[N
L]
W
<
i+
()
<o
-
iy
I+
1+
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TABLE 17

THERMODYNAMIC PARAMETERS FOR NADP* BINDING TO THE-G6PD

+
Ay

BE*AND AT GENETIC VARIANTS AT DIFFERENT pH VALUES.

G6PD A'

pH AG (Kcal mole-i) AH (Kcal eTe Dy Hale (cal mole™ ')
5695 6.83 732 - 1,79

6460 6.54 4,88 5.67

7605 6.60 4,58 3.48 /
Te55 6462 5e72 307 '
8,04 6.69 6.01 2.32

8640 6a77 8415 - 4,71

8486 6.68 8.84 - 737
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TABLE 17 (contd,)

G6PD BT

- -

PH AG (Kcal mole'i) AH (Kcal mole"i) -AS (cal mole".l\ !

5495 7.07 5.25 6.21 |
660 6.74 3.43 11.30
705 7.01 Tl - 0,38
755 6677 4,94 6.25
8404 6.78 1.58 P g
8440 6.81 5.61 4,10
8486 6,93 6.61 1.09
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TABLE 17 (Contd.)

\

G6PD A~

5 § -] -1\1 |

pH AG (Kcal mole™ ") | AH (Kcal mole™ ") |=AS (cal mole )’ |

-...‘.......!
595 6.91 3.49 11.67
6460 6.65 2.86 12.94
7605 6.62 4481 6.18
755 6.36 367 9.52
8404 Te31 5.67 5.60
8640 740 6.64 2459
8.86 6.54 8.69 - 7334
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TABLE 18

COMPENSATION TEMPERATURE, T. FROM THE THERMODYNAMIC

PARAMETERS OF NADP* AND G6P BINDING FOR GG6PD A, B®AND

A~ VARIANTS.

+

NADP~_BINDING

>

300.0 + 4.4°K
B* & 30747 + 6.5°K

AT ¢ 314.3 & 9.2%

G6P BINDING

A &) 300.3 + 5.6%K
B¥./y  298.2 + 9.8°K

" 312.5 + 7.4%K



CHAPTER FOUR
DISCUSSION

4,1,1. Purification of G6PD Variants.

The specific use of the biological functional property of
the enzyme in the affinity chromatography method as compared
to gross physical and chemical differences between the proteins
to be isolated in conventional chromatographic techniques makes
it possible to apply the hemolysate directly on to the affinity
column, In the conventional techniques, other‘proteins are
eliminated by the techniques of ammonium sulphate precipitation
and gel filtration on Sephadex G100 column. This affinity
purification approach has two advantages: (a) it shortens
the period of the whole purification, (b) it prevents the loss
of substantial amount of the enzyme during the additional preci-
pitation and gel filtration steps. Thus the former method is
shorter and is better applied to the deficient enzyme variant
(G6PD A™) which is highly unstable. The quantitative yields
are higher for the affinity chromatography method than for the
other method as could be seen in Tables 1 and 2 for variants A*

and B+ *
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our unsuccessful attempt to purify G6PD A™ in as high a
yield as we have for the other two variants may be due to the
fact that we applied a free enzyme on to the column. Yoshida (73)
reported the same result when he applied free G6PD A™ (free of
either the reduced or oxidised dinucleotide) on to NADP¥*=-agarose
column, but a high yield when he converted the enzyme to NADPH=-
bound G6PD. He rationalized his former results to rapid inacti-
vation of the enzyme when it does not have a dinucleotide bound
to it to stabilize it. Difficulty in purifying G6PD A” by the
conventional method had been reported by Babalola et al (24) in
which there was molecular interconversion by disulfide bridge
formation. This behaviour could explain the decreased sta&bility
during purification on affinity ehromatography column. The
stability effaected by the reduced dinucleotide (73) could be
due to the binding of NADPH to the sulfhydryl groups hence
preventing disulfide bridge formation, a process that inactivates
the enzyme. NADPH is a competitive inhibitor of NADP* as regards
binding on G6PD (17, 86). Since a competitive inhibitor binds
to the same binding site as the corresponding substrate, it means
the sulfhydryl groups may be involved in the substrate binding

process in G6PD.
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The separation of another protein (FX) which binds both
NADP' and NADPH nonenzymatically as similarly observed by Morelli
et al (72) after the affinity chromatography step which had never
been possible to identify and separate by the cenventional method
shows that the affinity chromatography method gives a much purer
and more homogeneous enzyme. Thus the affinity chromatography
technique has been used by us as a successful technique for the
purification of G6PD variants because of its simplicity, shorter
period of purification, higher yield and purity of the enzyme.
Its added advantage also lies in the fact that it made possible
the purification of enzyme variants from a single donor as compared
to bztch purification in conventional method from pooled blood
samples from different subjects. Hence it is now passible to
compare the physicochemical properties of pure G6PD enzymes from
different subjects. Our observation is that the interspecies
variation among the different subjccts having the same G6PD
type is more a reflection of the quantitative enzyme level than

an interspecies structural polymorphism.

4,2,1, Effect of pH on Kinetic parameters.

We have interpreted the variation of kinetic parameters with

pH in accordance with Dixon's rules (103). The variation of Vpax
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with pH shows the effect of ionization of groups on those enzyme
forms present at infinite substrates' concentrations while the
variation of Km with pH may be attributed to the effects of
ionizations in the free substrates, the free engyme or the enzyrc-
substrate complex. The slope in any region of log Km against

pH according to Dixon's rule may be approximated to the change

of charge occurring when the enzyme-substrates' complex break down
to the enzyme and the substrate. < Every change in direction of

the graph corresponds to the ionization of a group in one of the
reaction components; when the upper side of the bend is the cangave
side, it indicates a pK of the enzyme-substrate complex, while
when the concave side faces downwards, it indicates a pK of either
the free substrates or the free enzyme.

Inspection of the graphs of log Km against pH for the three
genetic G6PD variants at all temperatures (figure 5) shows that
they show similar profiles. Log Km increases to a maximum at pH
values around 6.60 for variants A* and B* and 6.50 for variant AT;
decreases to a minimum around neutral pH and another minimum at
around pH 8,90 for variant BY and 8.50 for variants A* and A~.
According to Dixon's rules, the bend at around pH 6.60 with the

concave side facing downwards represents the pK of one of the
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NADP*
Figure 5: Variation of log Km with pH

]

A-A-A 2% A-A-Ad 27°c

- O~ & 34°¢ T - R <) 40°c
(a) For G6PD A%
(b) . For G6pD B

(c) For G6PD A -
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substrates or of a group on the enzyme while the bends with the
concave sides facing upwards at neutral pH and 8.50 to 8.90
represent the pK of groups on the ternary complex of G6PD-NADP " —
G6Ps The pK values of the ionizable groups at the acid and alkaline
regions had been reported by Soldin et al (17, 104). The abrupt
change in the log Kp around neutral pH was not observed by these
workerse The pK of 6.60 had been attributed to the involvement of
a histidine residue in the interaction of the free enzyme with its
substrates and the pK of 8.90 had similarly been associated with
a cysteine residue being involved in the catalytic mechanism.
The fact that the lines of integral slopes drawn to the log Vpax
versus pH curves intersect around pH 6.70 just as repo;ted by
Soldin et al (17) for all the variants is suggestive @f a histidine
residue being involved in the enzyme-substrate reactien mechanisme
According to Babalola et al (11), the hypothesis which ean

best explain the progressively steep decrease of log Vmax 23S

the pH decreases is that there is an ionizable group, which in
its conjugate acid form, renders the enzyme-substrate complex
inactive, Tables 9 and 10 show that the ionization constant and
the enthalpy of ionization of the group that is responsible for

the decrease in enzyme activity as the pH decreases from neutral
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_ NADP*

Figure 5(d): Data fit of log Kn variation with pH.
e— -0 G6PD AY
O=0=20 G6PD AT

A—4—-4A c6PD BY

P eooerimental points are shown with their

standard cirvors while the curves arce the data fits,
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Figure 6: Typical plots of 1/vmax against [H*] at 27%°c
for G6PD Variants AY, BY and A™.
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pH are unaffected by the amino acid substitution which distingu-
ishes these variants.

Th pK of the ionizable group determined from the ratio of the
intercept to the slope of the plot of 1/y .. against [u*]
(figure &) is 6.59 « 0.03, 6.44 + 0.03 and 6.68 + 0,03 at 27°C
for variant B*, A" and AT respectively. Values of the pKa at
various temperatures plotted against 1/T for all the variants
gave straight lines (figuré 7)) and within experimental error
the pKa has the same temperature dependence for all variants
and the enthalpy of ionization calculated from the slope of the
best straight lines through the points is 13,5 + 0.6 Kecal mple-t.
The pKa values implicate the involvement of the imidazolium group
of a histidine residue in the catalytic mechanism of G6PD ;eaction.
This conclusion is drawn because the pKa of imidazolium (histidine)
had been given by Edsall (105) to be 5.6 -~ 7.0 and the enthalpy
of ionization as 6.9 - 7.5 kcal sole o, + iMie pKa and enthalpy
of ionization of sulfhydryl group in proteins had also been given
as 8,0 =940 and 6.2 - 8.4 kcal m,ole-1 respectively (105). The
ionizable group for G6F binding reaction to G6PD had been shown
go have a pKa of 6.65 at 34°C and enthalpy of ionizatjon <of 10

keal mc»le"'1 for all the three G6PD variants (11).
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These conclusions show that the same group is involved in
the binding of G6P and NADP* but the enthalpy of ionization of th:
group for NADP' binding is about twice that for C6P binding. Thi=s
result shows either that many more groups are involved ‘in NADp*
binding than in G6P binding or that the groups are situated in
an atypical onvironment in the G6PD molecule that NADP*, becausc
of its larger size is able to interact more with them. NADP*
had been reported to play a critical role in determining the
eonformations of G6PD molecule and thus the binding of NADP* is
extremely sensitive to structural changes in G6PD (16). The large
size of NADP* had also been shown to involve a much wider field
¢f intcraetion with the polypeptide chains af G6PD (16). Thus
there could be cooperative ionization of the ionizable group with

groups in its micro-environment (106). Thus the hindingaf

NADE® triggers eff the ionization of many groups which are linked
to the binding siteé and this linked ionization affects the pKa

and ¢nthalpy.of ionization of the ionizable group. In this casc,
the cffect is to make the enthalpy of;ionization twiee as exother-
mic as an independent ionizatjon of the group.

-
Evidence for the presenge of sulfhydryl group and imidazelium

greup of histidine residue had previously been advanced by
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Soldin et al (17, 104) and independently by Babalola et al (11)
for the binding of both substrates to G6PD variants. Additional
evidence for the presence of a sulfhydryl group near the active
site come from the inactivation of the enzyme by PCMB and heavy
metal ions such as mercuric ion as reported by Anstall et al (74)
and Balinsky et al (107). We found no evidence to implicate the
ionizations of the two substrates in the reaetion mechanism. Our
ebservation of the change from negativ; to positive slope at the
pH value of around 8.90, may be att;ibuted to the participation

pf an unionized sulfhydryl group in the binding of the substrates
at this pH region. The observation by Babalola et al (24) that

a sacond fraction of G6PD A~ as obtained on CM-Sephadex chroma-
tography has a low affinity|for NADPY in the absence of sulfhydryl
producing agent such as ‘dithioglycol is an indication that a
sulfhydryl group whig¢h is already oxidized in this fraction of
variant A™ is not available for NADPY binding. This observation
has been explainad in terms of an imposition of a novel con-
straint by the formed disulfide bridge on the possible conformations

of the enzyme molecule for NADP* binding, thus the molecule is

leckcd in a state of low affinity for NADPY.
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We can account for the pi profile of log Kpm of the‘yADP+
binding if there are ionizable groups on the protein which are
linked to substrate binding in such a way that the pK of the groups
would be diffepent on the enzyme and enzyme-substrate complex.

As a consequeneée of the changes in pK the dissogiation of the
enzyme = NADP* ¢omplex will result in either an uptake or relcase
of hydrogen iong. Then we can write :

ES + QH' = HoE + S.
where ¢ is the number of hydrogen ions released or taken up on
substrate binding depending on whether ¢ is negative or pesitive
respectivaly. According to Wyman linkage equation we would then
hawe

o
d log Kp
dpH

= -9

Assuming as intriAsic in the Wyman's assumption for the derivation
f the linkage equation that the ratio of the activity coefficients
ef E and ES is independent of pH, in which case,

d 109 Km
| r— e e+
dpH

The abrupt variation of log Ky must therefore be accompanied by

=& (1)

abrupt changes in ¢ gver a narrow range of pH. Between the pH
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nf 7,0 and 7.2 there arc large changes in the slope of log Knp

versus pH for NADP? for G6PD variants A*, B* and A” giving rise

to significant changes in @ of the order of 0.83, 0.52 and 0.15
respectively. The minimum in the log Kp vVersus pH implies that

@ is zero at this pHe The position of minimum log Km has a pH
value of 7,13 + 0,02, 7,06 # 0,02 and 7.03 # 0.02 in variant:

a*, BY and A” respectively. The rise of log K, with pH between
PH 7.2 and 7.5 implies that @ is negative in this pH range. The
magnitude of the change in log Ky between either side of the pH of
minimum log Kp decreases for the variant enzyme in the order G6PD
B AT,

If the uptake of protons upon dissociation of the enzyme-
substrate (ES) complex arises from the associated change of the
pPK of a single ionized group, we can then write an expression for
® in terms of the dissociation constants KE1 and K351 of the
group on the enzyme and enzyme - substrate complex respectively,

ey, o (u*]

- (0*) + kg, ~ TH'D + [KESil

For log Km to show a minimum with pH, the pK of at least two

ionizable groups must change. In this case the expression for



® would be e -~ —"‘]
F Lo Vo[ e
¢ = ‘ [H*] + kg, (H') * Kg & 3\_[',{+] ¢ xgsy Litls Kes, |

where KEZ and KESZ are the ionization constants of the other
second group on the enzyme and enzyme-substrate complex respectively.
The most significant feature of the pH dependence of lag i
of NADQf binding to G6PD is thc¢ position of the minimum in the
valuc of leg Km Observed for cach variant of G6PD in the pH
Pengc 3,0 - 7.5. Similar abrupt variation of log Km with p&
has bcen observed for G6P binding to the same enzyme variants
in the same interval of pH (11).
Substituting equation (2) into equatian (1) we can obtain
en intcgrating the resultant expression the equation describing
the variation of log Ky With pH as follows

(u*) + KE9)([H*)s k)
E

g
log Km = log Kmn * log
([u*) + kgsq) (Iu*] + Kes,)

1
where log Ky is the value of log K at the extremes of pH when
+ .
6 R KEqs ngy K351, and Kgs,e At these extremes of pH on
either side of pH of minimum 109 Kp, @ will be zero as log Kp

is invariant with pH in these regions and the difference between

the valucs of log Ky at the high and low pH would be equal te
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PKES1 = PKp,e Also pKgsq = PKg4 would be equal to PKgs, = pKEz

The fact that Kg,, Kgs, and also KEZ and Kgs, can vary signifi-
eantly over more than two pH units would show that the minigum
shown in the variation of log Ky with pH would be very broad and
thus we cannot account for the sharp minimum in log Kp with pH by
postulating just two independent ionizable groups thermodynamically
linked to the binding of the substrate. However the pH range of
the minimum value of log Ky would become sharper if we postulate
the existenca of groups which would ionize cooperatively. The
sharpness of the variation of log Ky With pH will depend on thc
number of the groups and the degree of cooperativity between thom,
The model with which to describe the cooperative ion;zation
need not be as complex as cither the MWC (80) two state model
¢r the Koshland sequential model (88). We can simply assume

sumcgssive linked ionization constants defined as follows for tho

enzyme substrate complex
(ln.1Es] (0]

[HnES]
(Hp_oES] [H*]

[Hn—iES]

HpES = Hp-1ES + H*, KES1 =

Hno1ES8 & Hy_ogs + H+, KES; =
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fxn_!ES]f Hrj

Hnei +1ES = Hn-iES + HY, Kpgy, = 7

where [HiES] is the conc¢entration of all enzyme species with i
protons on the site. KESi' may be identified with the average
ionization constant ef a class of ionizing groups rather than
with any specific groupe.

The degree of coopegativity will be large and positive if

Ehe value OF Kpgq — RKugy shew a stepwise increase.

We can define a similer set of ionization constants wherc
;E is given by the above g§uation with ionization constant KE,1 e
KEi for the c¢nzyme by replacing the ionization constants KES1 e
KESi for the E = S complaXe

If ;ES’ and ;E are the fraction of sites on the ES complex
and enzyme respectively that are occupied by protons we can write

an expression for @ in terms of ;ES and QE as

¢ = alyg - ;E] (3
The variation of log Kn with pH may then be obtained by
integration of equation (1) after substitution of ¢ from
equation (3) above, With sufficiently large value of n, the

sharp minimum in the pH variation of log Ky can be accounted for.
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Cooperative effects in the ES complex can be described by a
simple Hill's empirical equation, with two constants according

to the expression.
- )Y

YEs = Y
Kps (g+]

Similarly for the Enzyme
a™7*
Y 5 Tip e LHE
Kg +
x and y have values betwecn 1 and n and-are measures of the free

energy of interaction between the groups

YN
Kps is given by [HO.SJ

where [Hg 5] is tho hydrogen ion concentration when half the
ionizable groups have ionized and hence may be taken as the
averaqe intrinsic ionization constants of the ionizable graups,

For the cnzymc we-have a similar equation
K Y S
g\ = lHg <J

Substituting the Yg and §ES in the expression for @ we have

¢ = nr 25 IR 1 i j
Lgs + [H*]x Kgg * [H*]yl

-

e (&)
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Integration of equation (1) after substituting for ¢ we
obtain the expression

log Ky = log K; + '§ log (Kg + [H*]x) ~ %lcg (Kgg + [H*]y)—~— (5)

We can thus evaluate the value of log Kyn at different pH values

by an appropriate choice of six constants: K'p, Kg, Kggs Ny X anc y.

log K' may be evaluated from the flat portion of the log
Ky Versus pH curve. JXmposing the conditions that is characteristic
of the Yog Ky versus pH prefile we can equate the value of the
log Ky at the plateau part of the curve to be equal to log K'pe
Under thesc conditions,eqguation (5) could be computed to give
y/x

KES # Kg s e asemecs  (6)

where [H;in] is the value of the [H*] at the position of the

minimum value of Kp (Kmin)- Substituting from equation (6) and

(¥) into equation (5), we have

% ' nly - x) . Lt j '

With an appropriate choice of valucs of n and x we can calculate

a valuc for y and then substitute for these values in equation (5)

to obtain the values of log Ky at different pH values which best

= ¥
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fit the experimental points. The fitted curves for G6PD A+,
BY and A” are as shown in figure 5(d) and the values of Kg,
Kgss Ny X and y that best fit the data for NADPY binding
for the three variants are shown in Table 5(e).

The abrupt change in the log K, versus pH curve leading
to a minimum of log K, in the pH region of 6.80 to 7.30 for all
the variants had therefore been interpreted in terms of coopera-
tive ionization of groups on the enzyme and enzyme-substrate
complex which may be associated with a major ¢hange in the
quaternary structure of the G6PD enzyme molecules, The
structural change that gives ris: to the cooperative ionization
may be associated with @ pH dependent dissociation of the
tetramer enzyme into dimcrs more so when the pH corresponding
te 109 K(pin) lie§ in the range of pH where the enzyme undergoes
a transjtion from tetramer to dimer (66). This pH-linked
" Aissociatign-association equilibrium itself could be the major
eonfigurational change that links substrate binding and
metabolic eontrol of the enzyme to the large positive inter-
astion between ionizable groups. The dissociation of a tetramer
@gmposed of subunits into dimers should inveclve the breaking of

seme interchain links. We know that the genetic variation in
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these enzymes is due to amino acid substitution (41, 42). If
these interchain contacts involve these different amino acids,
there should be different variation in log Ky Versus pH profile
for the different variants., Since this is not the case, it is
reasonable to surmise that these amino acids are not involved
im ¢€he interchain links.

As shown in table 5(e) we however observe a significant
difference in the cooperative ionizatjon of groups in the enzyme
and enzymc substrate complex in G6PD g* and A~. The lower value
af coapegativity in G6PD A™ would sugfest that less groups arc

involved in codperative ionization jif GEPD A~ than G6PD A* or

¥« The amino acid change that leads to susceptible disulfide
bend in G6PD A~ and not in G6PD A% pr 3% may account for this
phenomenon, We would therefore pgstulate that the amino acid
change in G6PD AT involves loss of groups that are capable of
positive cooperative interaction with the other ionized groups.
This may involve &pposite charged group change or neutral amino
aecid substitution for any of the charged groups in going from
G6PD A or BY to A”.

In the pH rande 5.90 to 9.50 the maximum variation in the

standard free enerdy of the dissociation of the enzyme - Napp*
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complex is about 1.0 kcal mole"‘1 for the three enzyme variants.
By contrast the maximum variations in the corresponding AH anc
AS ar« about 5.0 kcal mole‘i and 15.0 cal mole-1>respect1v31y

as shown in Tables 6 and 17. This implies that variations in
enthalpy change are largely compensated for by variations in

the entropy change and a plot of -TAS against AH should be linear
if this is true (109). Figure 19 shows the plot of -TA5 against
AH for the threec enzyme variants. The points are on a straight
line and the slopes are 0.93 4+ 0,02 for variant A%, 0.92 + 0,02
for variants BT and A”. Accerding to Beetlestone et al (109)

a slepc of unity corresponds to an exact compensation of changes
in AH and AS and the linearity of the plots means that the
differenccs.between As and AH values of the binding reaction may
be aceounted for in teérms of an electrostatic interaction in the
protein reaction of which hemoglobins have been used as a model
example (108 - 112). The structural determinant of compensated
enthalpy and entropy changes has also been associated with
variable hydration changes and variation in electrostatic
interaction originating from different charge configurations

on each of thc methemoglobins. The reaction of NADPY with a

eharged active site on the enzyme molecule may involve significant
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pH-dependent change in the hydration structure of G6PD. Since
there is linearity in the plot ef TAS against AH and the

slope is close to unity we may therefore conclude that as in
hemoglobin reactions species reactivity differences in the G6PD
enzyme variants may be accounted for on similar hypothesis of
electrostatic interaction among the charged groups on the protein
melecule and their involvement in changes in hydration structure,
There is therefore compensation of changes in AH and AS in G6PD
and thc charge chances of the G6PD variants which are characteristic
of each variant occurs at positions which are far from the binding
centre, Thus this is an evidence in suppert. of the earlier postu-
late that the structural locus is not part of the binding site

but far away from it. A corresponding plot of TAS against AH

was done from the data of G6P binding from Babaloela et al (11)

and the plots are lincar for all the variants with slopes close

ta unity in each casec. Hence the binding sites for G6P too are
not close te the structural locus. Therc were reports that for

both NADE' and G6P binding, sulfhydryl group and imidazolium

group of histidine residue are involved (11, 17, 104). Thus
khe postulate that the binding sites for both substrates are the

same may be true,
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Figure 10: Plots of TAS against AH for NADP® binding.
A-A-A G6PD A*
0-0-0 GépD B

b =A-i G6PD.A &
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Figure T% Plots of AH against AS for the determination
of the Compensation Temperature, Tc,
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Figure 14 shows the plot of AH against AS for the three
enzyme variants., The slopes of the straight lines give the
value of T, the compemsation temperature (112)., Table 18
shows the values of the compensation temperatures, Tcy for both
NADPY and G6P binding to the threc G6PD variantss These thermo-
dynamic parameters for the G6P binding were obtained from the
data of Babalola et al (11), within experimental errors, the Tc¢
values are the same (about 300.4A0 :.9.8.K) for the three variants
and for both NADP* and G6P bindinjs. Tc‘value for hemoglobin A
is about 300°K and is independent of the harmonic mean of the
experimental temperatures (113)., The harmonic mean of their
experimental temperature (Typ) is 310.3°K while our own harmonic
mean is 303.,3%°K. Compensation temperature may therefore be a
constant of protein reactions in aqueous systems since it is
independent of the nature of the ligands or the ligand-protein
interaction system. Contrary to the assertion of Krug et al
(114, 115) that the observed compensation temperatures may bc -
s‘lely a reflection of the propagation of experimental c:1:1:'0rzi\igr‘i‘é\'‘-‘;'.'a
not chemical effects, the compensation observed for G6PD reactions

as in ferrihemoglobin recactions may be intimately linked to the

same configurational change that has an importént control on
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the reactivity of the enzyme in vivo.

The observed variation of the enthalpy change with pH for
the dissociation of the enzyme - Napp™* cemplex for all the variants
is similar to that of the enzyme - G6P complex (11), Both show
two minima with one maximum at pH 7.0 to pH 7.4. The poiﬁts of

these extrema correspond to the positions of the abrupt changes

in the log Ky versus pH profile for all the variants. This is
another evidence that the same ionizable groups might be involved
in the binding of G6P and NADPT to all the G6PD variants. With

the dissociation of thc tetramer to dimer at this near neutral

pH €11), the regions of the two minima in the plot of AH against
pH might be asseciated with the regions of the pH range where there
is a preponderance of tetramers at acidic pH and dimers at alkalinc
pHe The genetic differences between the three types of G6PD had
been aseribed to singl: amino acid replacements (41, 42, 117).
These resulds agree with the findings for hemoglobins where single
amino acid replacements show very detectable differences in ligand
binding (102, 109, 111). An inspection of figure 9 shows that

the thrce G6PD variants have different pH of minima and maximum.
The fact that the differences in the Kpm and AH profiles over =

pH range are not large supports the postulate that the structural



locus is not part of the binding site. The effect of the amino
acid replacement even at a distantly remote part of the enzyme
molecule could indirectly affect the NADP* binding site because
of the cooperative nature of the entire protein structure,

our data presented here lcad to the same conclusion as with
earlier findings on the structural properties of human erythrocytec
G6PD variants (11, 17). The involvement of the sulfhydryl group
in NADPY binding, the presence of imidazolium group of histidine
as being responsible for the activation of the enzyme molecules
had been reported by many workers for both G6P and Napp? bindings
(11, 17, 104). The samc groups had been reported by Kuby ct al
(118) in Brewers' Ycast G6PD. These authors ascribed the first
gset of protonic equilibrium to proton dissociation from an
imjdazolium group and the second set to proton dissociation from
a lysyl resjiduc. They had earliasr on reported that a sulfhydryl
group lies in close proximity to either substrate binding site(s)
(98)., Keleti (120) reported the involvements of sulfhydryl
groups and hdstidyl residues in the catalytic functioning of
glyceraldechyde-3-phosphate dehydregenase. It then looks as if
the involvement of these groups in the catalytic mechanism of

reaction is a general characteristic of pyridine nucleotide
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Figure 13: Typical Arrhenius plots of log Vpmax a9ainst
1/7 for the determination of activatien

energy ef G6PD reaction for G6PD B”.

X=X = X pH 8.60

0O -0 -0 PH 9.20
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dependent dehydrogenases. In G6PD, the involvement of the same
groups in either G6P or NADP® binding might mean that the binding
sites for the two substrates might be the same or lie in such
close proximity as to make it very difficult to differentiate
between them by kinetic studies only. Hence the det%%tion
of the complete primary structure (amino acid sequengg’“é} G6PD
variants might be very necessary at this stage to be able to
differentiate between the substrates' binding site(s).

The differences between our data and the findingsof other
workers on pH dependence of kinetic parameters of G6PD catalyzed
reaction might be due only to differences in the experimental
conditions under which the studies were carried out. These
differences include use of different buffers, presence of
different * 2nd variablc ionic streongths which determirne the
different forms of the enzyme (66, 82, 83). Most workers carried
out their findings on pooled "normal" blood (17, 104) which
could consist of a mixture of many variants (at least A* and s5%).
These might be from subjects of both sexes, thus making their
enzymes to be heterogeneous, Adequate precautions were taken
to eliminate the effects of such interacting conditions on the

kinetic studies of G6PD variants as reported here.



Figure 14 : Variation of the activation energy (EA)
with pH for G6PD variants A*, B* and A=, -
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The data presented show that Napp* binding to G6PD variants
gives similar profiles to that of G6P binding characteristics.
This may be due, as explained above, to the fact that the
binding sites for the two substrates are within the same vicinity
in the enzyme to allow the same type of interactions with similar
set of groups At the binding site. This is illustrated con-
vincingly in the AH versus pH profile where the graph contains
two U-shaped segments with a maximum at about neutral pH for
the three variants and for NADP® as well as for the G6P binding.
The smalldifferences might be due to the fagt that the binding
of NADP* may be more affected by subtle structural changes in
the enzyme than G6P binding by virtue of the critical role of
the ligand in determining the conformations of the protein
molecule (16)., We have attributed this critical conformationzl
change to NADP* - mediated tetramer-dimer equilibrium. Binding
of NADP* can thus be extremely sensitive to small differences
3» the structures of the G6PD variants. From the foregoings,

Lt might be very reasonable to postulate that the two abnormal

variants, AY and A~, arose from the normal wild type, B", by

single aminq acid substitution based on point mutations i.e.

- +
A & B* -9 A
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G6pD AY and Hektoen had been reported to evolve from G6PD B+
by single amino acid substitution (41, 42), from asparagine in
the B* type to aspartic acid in the A* variant and from histidine
in the BY type to tyrosine in G6PD Hekteen. All the other
variants had also been postulated to have evolved from G6PD B
by single amino acid substitution (117) at the structural locus.
The above reasoning evolves from the fact that napp* binding show
general similar KﬁADP+ versus pH profile unlike in the case of
G6P binding where significant differences are shown especially
in G6PD A~ (11). 1In the NaDP* binding, the same types of groups
are involved in the peaction mechanism and all the variants
show differences in the AH versus pH prefile, the pH of minima
being different, This is reminiscent of the situation in hemo-
globins, where the AH versus pH profile show maximum which are
characteristic (characteristic pH) of each variant (102, 111).
Since most hemoglobins are known to have arisen from the normal
type A, by single amino acid substitution it may be reasonable to
infer that most G6PD variants also arise similarly from the normal
type, B*. .

A study of the temperature and pH-dependent kinetic parameters.

Km and Vp.., of substrate binding in general is a sensitive probe
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of structural changes in polymorphic enzymes. Using Dixon's
generalization (103) it has been possible to analyse which
ionizable groups are involved in the enzyme reaction. But the
knowledge that the pK values of individual groups can be consi-
derably affected by the pﬁesence of a neighbouring group within
the protein which can interact with these ionizing groups called
for caution in applying Dixon's rules to associate the pK values
of the ionizable groups on the protein with specific amino acids.,
Studies of pH-dependence of the kinetics of enzyme competitive
inhibitors and protein modification may be a way of corroborating
the data from substrate kinetics. These types of inhibitors bind
to the same groups on the enzyme as the substrates, the pK of
these groups will be shown on the log Ki Versus pH plots. The
study of the kinetics ef NADPH and p~QHMB binding to G6PD at
different pH values and temperatures is suggested for the con-
firmation of the groups ionizing during the enzyme-substrate
reaction, NADPH and p-OHMB had been reported to be competitive
inhibitors of NADP* binding to G6PD (17, 86, 107). The study

of the pHedpendence of NADPH and p~OHMB competitive inhibitions

te G6PD will therefore form the subject of the next chapter.
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4.3.1. Effect of high lonic strength, pH and temperature
on NADPY binding.

An inspection of Table 15 fer the effect of buffer compositions
on the interaction coefficient of G6PD variants A% and B+ reveals
different values of interaction coefficient, n, at different
conditions resulting in variations of ionic strength and conducti-
vity. Increase in ionic strength increases the degree of inter-
action among the NADPY binding sites. Table 16 shows the values
of n at different temperatures and pH values. The interaction
coefficient increases with pH at the same temperature and increases
with increase in ionic strength in buffers of the same pH and sam=
ienhic composition. pH and ionic strength had been shown to be
very critical parameters in the determination of mealecular forms
of G6PD (76, 82, 83). Hence at acidic pH and/or low ionic
strength, the tetrameric cnzyme is present dominantly and at
alkaline pH and/or high ionic strength, the dimer is the domi-
nant enzyme form. According to independent findings of Cancedda
et al (8) and Bonsignore et al (13), the cooperative enzyme with
two dissociation constants of the G6PD - NADP* complex is the
dimer while the non-cooperative enzyme with a single dissociation

eonstant is the tetramer. This result could be interpreted to
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mean that when the enzyme is in the tetrameric state, the NADP*
binding sites are so locked in the conformation that they are

not easily available for interaction. The alternative is that
the association of the dimers to form the tetramer bring some
groups that interact with the binding sites near them, changing
their right conformations to interact with one another but not
changing their intrinsic property of binding the substrate, NiaDp*.
omachi et al (78) reported that the dimeric enzyme is favoured

in the human erythrocytes and Cancedda et al (8) and Bonsignore
et al (13) showed that the coeperative enzyme is the dimer. We
have found that high ionic strength borate buffers promote dimer
fermation most especially at high pH and thus we may infer that
borate buffers may be.an ideal buffer in which we can simulate
the in vivo properties of G6PD. 'Je have now established that the
earlier reports about non-cooperativity in this enzyme (101) may
be due to the use of buffers of low ionic strength where the
enzyme exists largely as a tetramer and as with Yoshida et al
(101) in an attempt to simulate physiolegical conditions, putting
allosteric effectors such as Mg++ and c1~ ions. These conditions
favour tetramer formation (66, 76, 82, 83). An inspeetion of the

plot of V/Vmax against NADP* concentration in the paper by
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Plots of v/Vpa, against [napp*] in Tris-borate

buffer of conductivity 2.35 mmho for G6PD
variants A* ancd ©',
C-0-0 ‘G6pp a*
A - A - A" cépPp B*
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Yoshida et al (101) shows that the least NADP* concentration
used is between 5 and 10uM with a very low concentration of

G6P of 60uUM. Data from Luzzatto (14), Cook et al (119) and

us show that the critical dinucleotide concentration is lower
than 5uM, Hence if even the enzyme in Yoshida's work (101)

is in the dimeric state because of the high ionic strength, the
data for only the higher affinity state for NADP* (8, 14) is
presented. The dimeric enzyme which shows cooperativity could
exist in either of two conformations, the low and highk affinity
states for NADPY (8, 13, 14),

The dissociation constants of the complexes formed by the
two conformational states of G6PD variants and NADP* had been
reported but not as functions of pH and temperature (14-16, FF*
The investigation of NaDP® binding at high jonic strength to
cepp BY at pH values between 5.85 - 9.5 and temperatures
between 20 - 40°C, makes it possible to determine the two
dissociation constants as functions of pH and temperature. The
profiles of the plots of the logarithm of the two dissociation

NADP+ NADP+ NADP*
constants (Ksi and Ks; ) are similar to that for Ky

at the lower ionic strength except at the alkaline region where

NaDp*
the maximum for log Ks, is not very evident. The change in
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Dependence on pH of the dissociation constants
at low (Ks,) and high (Ksy) affinity states
of G6pD BY for NADPY.

o e
A-A-A 20 C A- A=A 27 C

»-9-0 34% o-0-0 40°%

(a) 1log Ks, against pH.

(b) 1log Ks» against pH.
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conformation could have masked the ionization of the groups of
the binding site at the eﬁzyﬁe's higher affinity state for NaDPY,
This then means that the same groups are still involved in the
G6PD -~ NADPY ~ G6P complex formation when the enzyme is predomi-
nantly dimeric as when it is tetrameric. The low affinity con-
formation might only be due to a conformation in which the subunits
are so arranged that the binding sites are not easily available
for NADPY binding. At the state of higher affinity for NADP*,
(at higher Napp* concentration), the dinucleotide is likely to
have an effect on the configuration of the subunits so as to makc
the binding sites easily available for the substrate.

The shapes of the AH versus pH profiles are shown in figure 17

NADP+ NADP+

for Ksq and Kg, s the dissociation constants of G6PD - NADP'

complex at low and high affinity states for Napp* respectively.

ADP+
The AH profile for KﬁgDp is almest similar to the profile for
NADP* NADP+
Km and the profile for Ks; lookds inverted, forming an

NADP*
M-shaped curve instead of a W-shaped curve for Kp . The

: ; NADP¥ NADP+
similarity in the case of K52 is to be expected as K52

NADP*
approxXimates to Kp at higher NADP* concentration (14). The

NADP+
reversal for the Ksq profile cannot be explained yet. But

it is interesting that what we have is a change of minimur
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Variation of AH with pH for the dissociation
of G6PD-NADP® complex for G6PD BY ~
H -0 - @ from log K51 against pH plot.

O =-0=0: from log K52 against pH plot.
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to maximum at around pH values 7.2 to 7.6. Thus there could be
a compaensatory mechanism involved in which the enthalpy of
dissociatien of G6PD - NADP* complex at low and high affinity

state for NADP* tends to be minimum for one state while it is
maximum for the other state at the pH range which is critical
to the quaternary structure of the enzyme. Whether this is a
plausible explanation for this ebservation will depend on the
findings of further work on 2ll the enzyme variants under this
condidione

At a constant ionic strength, n, the interaction coefficient
increases with pH and temperature. Increase in pH may therefore
promote the dimeric form of %he enzyme and is suggestive that
groups that tend to ionize as’ the pH increases are linked to dimer
formation in the enzyme, The increase of n with increase in
temperature would indicate that the ilonized groups that are
linked with dimer formation have a significant value of heat of
ionization.

While NADP* pinding at high ionic strength is allosteric
and gives rise to a sigmoidal binding curve, G6P binding on the

other hand is non-tCooperative. This observation would suggest

*
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Figure 18: Variation of log Vpax With pH in Tris-borate buffer

of conductivity 240 mmhe for G6PD B,

Tris-borate buffer of conductivity 1,12 gho (I = 0.01)
was brmught to conductivity of 2,40 mmho with

K2504-

A-A-A 20° A-~AN=@8 29

©
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Figure 19: Plot of E, adainst pH for G6PD BY in

Tris-borate buffer of conductivity 2,40 mmho.
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that only NADP* and not G6P causes quaternary structural changes
that affect the indirect interaction between the specific binding‘
sites, Regulation in the enzyme activity therefore occurs mainly
through the NADP* binding sites. It is therefore not surprising
that NADPH as a competitive inhibitor of NADP* binding to G6PD
decreases the cooperativity of the enzyme (14), The G6PD enzyme
could therefore regulate the amount of NADPH generated in vivo
through allosteric control by regulating the amount of NADP* to
be used up through shifting the enzyme conformation to the low
affinity form for NADPY at high NADPH concentration and to the
high affinity form at very low NADPH concentration (14). This
postulate may be an important mechanism for regulation of enzyme

activity in NADP* dependent dehydrogenases.

4.4.1, Conclusione.

The general pattern that emerges from the study of NADP*
binding to G6PD enzyme variants is that the structural locus i.e.
the position of amino acid changes that differentiate between
the G6PD variants, is not part of the binding sites for both
G6P and NADP* but far away from them. The binding sites for

NADP* and G6P are within the same yicinity to be influenced by
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Figure 208 Typical Hill plots of log V/y, 3,V against
leg [NADPY] for the determination of
interaction coefficient in Tris-borate Buffer of

conductivity 2.35 mmho for G6PD A* and BY.
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the same groups at the activity site as in G6PD A~. The very
similar AH versus pH profiles for the two substrates is as a
result of the possibility that the enzyme may bind the two
substrates within the same vicinity at the active site, While the
interpretation of the log Km versus pH curve according to Dixon
(103) is a useful guide in possible implication of ionized groups
that may influence the pH dependence of enzyme activity, we need
to be cautlous in its extensive application in protein and enzyme
in general becuase of the cooperative ionization of groups on thc
enzyme molecule which may influence the intrinsic pK of individunl
amino acids on the enzyme. A comparative approach of all the
enzyme variants as in the investigations reported in this thesis
is a valuable probe of structure - function relationship in the
enzyme reactions.

Data presented here on the cooperativity among the NADP*
binding sites of G6PD enzyme support the =arlier reports (13, 30)
that the dimeric enzyme is cooperative while the tetrameric
enzyme is not cooperative. This is as evident from an n value
of 1.9 2t 40°C and at pH 9.0 when the enzyme is predominantly
a dimeér, and an n value of 1.0 at pH 6.0 and at 20°C, when

the enzyme is a preponderance of tetramers. The dimeric enzymc
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had been reported to be the G6PD entity in the erythrocytes (78),
the conditions that give cooperativity in G6PD is a simulation

of the physiological gonditions in vivo. From our data as reported
in this thesis we have established two types of cooperative meeha-
nism clo;ely associated with the reactivity of human erythrocyte
G6PD enzyme, The first mechanism is a cooperative interaction of
ionized groups on the surface of the enzyme which influence the pH
dependence of both the Napp* binding (cite loci) and the G6P

binding (11) as reflected in the complex dependence of the res-
pective K, on hydrogen ions. There are at least 12 ionized groups
which are cooperatively involved in the pH dependence of 109 Km

in NADP* binding. This is to be compared with 8 ionized groups
reported by Babalola et al (11) in G6P binding. We are therefore
left to infer that at least there are about four more ionized groups
that are linked to NADPY binding which may not be invelved in G6P
binding reaction.. The second mechanism is an allosterie interaction
between two NADPY binding sites in the dimeric enzyme with two
intrinsic binding constants. The G6P substrate binding tacks

this form of cooperative interaction. From this study the nature

and form of cooperativity among NADP* binding sites in the G6PD

enzyme have been established.
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CH'APTER FIVE

pH-DEPENDENT EFFECTS OF INHIBITORS ON G6PD
ACTIVITY

5¢1.1 Introduction

Inhibition of an enzyme-catalysed reaction is a pkecess where-
by the rate of the reaction is reduced by a substance called an inhi-
bitor. Inhibition of isolated enzymatic reactionsin general have
been widely studied and the overall inhibitory effect, may result
in complex reaction schemes and rate equationsin a way that alters
the kinetic parameters of the enzymatic reactions. There are three
different kinds of ways by which an inhibitor may influence the rate
of simple enzymatic reactions characterised by the manner in which
the concentration of the inhibitor affectsthe rate of reaction in
respect of the substrate concentration, -~ THe degree ef inhibitioﬁ,

i is given by the equation:

L W Ngr— ¥
Vo

where Vo and v are the velocities of the uninhibited and inhibited

reaction respectively. The three situation are:



(1) The degree of inhibition may depend on the substrate concen-
zration - usually the degree is reduced as the substrate concen-
tration is increased. The inhibitor in this case may resemble the
substrate sufficiently in structure as to be bound in its stead

to the active site,. thus competing for the same binding site with
the substrate. The inhibitor may have an intrinsic affinity for

the substrate's binding site; in this case the inhibitor may not
necessarily resemble the substraté in structure., This type of inhi-
bitiénTis said to have some’;OMPETITIVE character. In.some enzymatie
rea€£ions, the products of Ehe reaction can compete with the sub-
strate thus slowing down the conversion of the substrate ﬁ-.the pre—~
ducts. This is the case with the product, NADPH, in G6PD reactien,
competing with NADP* for the latter's binding sites on the G6PD
molecule (17, 39, 86, 87).

(2) The degree of inhibition may not be affected by the substrate
concentration. The inhibitor in this case can combine with the
enzyme at an unidentical site to the substrate binding site affec- |
ting the binding at the substrate binding site in an aldgsteric
manner. The effect may be on the affinity of the enzyme for the
substrate in which case Ky is increased or on the catalytic rate,

in which case Vg, is decreased.
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This is NON-COMPETITIVE inhibition. This is the ecase with the pro-
duct inhibition by NADPH when G6P is the variable substrate in G6PD
reaction system (17, 86, 87).
(3) The degree of inhibition may be increased as the substrate
concentration is increased. In this case, the inhibitor may combine
exclusively with the enzyme-substrate complex. This is UNCOMPETITIVE
inhibition. This type of inhibition is rare in simple enzymatic
reaction but an example is the inhibition pattern exhibited by
glucosamine 6-phosphate with respect to NADPY #inding in G6PD reac~
tion system (86)

Various inhibitors of G6PD have been described. Chung et al
(4) and Anstall et al (74) had found that PCMB and heavy metal ions
such as Hg++ and Ag+ inhibit the activity of erythrocyte G6PD. This
suggests that sulfhydryl groups are essential for the enzyme's cata-
lytic activity because these inhibitors have intrinsic affinity
for these groups. Physiologically a more important inhibitor is
NADPH bhecause of its regulatory role on the G6PD activity in the red
cell (14), Glaser et al (122) had already observed that NADPH is
a competitive inhibitor of NADP® in Brewers® yeast G6PD. Later,

this finding was confirmed by Kirkman (123) for the human erythrocyte
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G6PD enzyme. The characteristics of this NADPH inhibition was rein-
vestigated in more de¢gils by Luzzatto (14). The inhibition is most
pronounced in the range of physiological concentrations of NADPH

and in this range small changes in the concentration of NADPH can
produce marked changes in enzyme activity. When the NADE* concen-
tration is in the range where G6PD already has high affinity fer it,
NADPH will compete for the NADP' binding site and will this show an
inhibitory action with competitive features. This is expected con-
sidering the very similar and close structural relationship between
NADP+ and NADPH.

The inhibitory effect of NADPH had been found to have diffe-
rent intensities and characteristics for different genetic variants
of G6PD, This is shown by the study of the kinetics of inhibition
of NADPH in G6PD A" by Luzzatto (14) and three other variants, B*
A~ and Ijebu-Ode by Afolayan et al (16). The inhibition constant,
Ki, an inverse measure of the affinity of the enzyme for NADPH for
the four variants, A+, B+, A~ and Ijebu-Ode have been determined
(14, 16). They show that A~ is the least sensitive to inhibitory
effect of NADPH. (Kj = 210 UM for the A~ variant compared with 16

and 30 yM respectively for A" and B* variants (14, 16)), The Ay
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variant thus differs in kinetic behaviour from the normal variants
A* and 8% in having the highest affinity for the substrate NADP‘
but lowest affinity for the inhibitor NADPH. (Ki « 210 uM and

Kg, = 1.3 uM for A~ variant compared with Ksz of 13 and 12 UM and

2
Ki of 16 and 30 UM respectively for AY and B* variants (14, 16).
Though the kinetics of inhibition of NADPH and mercaptide-forming
reagents such as PCMB and P-CHMB to GE6PD have been studied by many
workers (14, 16-~18, 50, 86, 87, 107, 124), there has been no syste-
matic study of the variation of inhibition by these substances with
such factors as temperature and pH. The kinetics of competitive
inhibitors studied as a function of pH and temperature has been
recognized as a tool for investigating the mode of aetion of enzymes.
such a study might be expected to throw valuable insight on the mec-
hanism of a particular enzymatic reaction, since it would be expected
to yield informations about the thermodynamics of the process, and
from the theory of Dixon (103), about the changes in electrical
charge accompanying inhibition. A combination of such a study with

a similar study of the kinetics of the coenzyme, Napp* binding in
G6PD reactions will cohfirm the presence of certain groups in the

catalytic process already postulated from the study of Napp”* binding

as a function of temperature and pH.
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5.1.2 INHIBITING EFFECT OF PRIMAQUINE DIPHOSPHATE (AN
ANTINALARIAL SUBSTANCE) ON G6FD ACTIVITY

Individuals with erythrocyte G6PD deficiency have a high inci-
dence of hemolytic anemia when given antimalarial drugs prophylac-
tically. This observation might suggest that antimalarial drugs
have inhibitory effects on G6PD activity. It will be very interes-
ting to know if these compounds are capable of such inhibition in
vitro. We have therefore carried out an inhibition experiment of
primaquine diphosphate on G6PD activity on NADP® binding. Cotton
et al (129) had carried out experiments on the inhibition of NADP'
binding to G6DP from yeast from Sigma and tissue extracts of ery-
throcytesusing some antimalarial substances. Their findings shew
that the antimalarial compounds are competitive inhibitors with

respect to NADP+ binding in G6PD reaction system.

EXPERIMENTAL

5.26% E;netic Determinations

The reaction velocity measurements for the inhibition by NADPH
p~OHMB and primaquine diphosphate were carried out in Gilford spectro=

photometer with a constant temperature cell compartment and an
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automatic absorbance recorder model 2000, This instrument (and not
Turner recording spectrofluorometer model 110 as for the kinetic
experiment for NADP+ binding in other sections) was used because of
the difficulty to annul to zero the fluorescence of the added
NADPH and primagquine diphosphate. The composition of the reaction
mixtures was as follows:

Buffer: 2ml; 0.06M G6P: 0.25ml; enzyme solution: 0.01ml; 10mM
NADP': 0.03ml to 0.15ml; water and 5mM NADPH, p-OHMB or primaquine
diphosphate were added in different volumes to have a final mixture
volume of 3ml. All other procedures were as carried out for the

kinetic experiments for the binding of NADP+ to the G6PD variants.

$ele2% ﬁgpsurement of Inhibitor Constant

The inhibiteor constant is determined by the method of Dixon

(125) by plotting 1/y against [I] from the equation

1
i = K + 1 + K [I]
i V. ..l5] Vmax . RN
max
Vinz 153 K&

at two substrate concentrations where K; and (I] represent the inhi

bitor constant (i.e. the equilibrium constant of the reversible
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combination of the enzyme with a competitive inhibitor) and <encen-
tration of the competitive inhibitor respectively. All other nota-
tions are as defined in chapter One. The intersection peoint of the
two straight lines lies on the left of the ordinate (the 1A ~ axis)
and above the -nbscissa (the [I]-axis). This point lies at [1)
= =Kj and can therefore be read off directly. Higher concentration
of the substrate, NADP' had to be used for p-OHMB inhibitien than
for NADPH inhibition to be able to get measurable welocities because
of the protective function of NADP+ against the mercaptide~forming
reagent's inhibition of NADP " binding reaction (4, 50, 124).
Calculation of (H from the inhibitor constant feor beth NADPH
and p-OHMB at all pH values was as discussed for the Michaelis con-

stant for NADP+
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RESULTS AND DISCUSSION

.3414 Effect of pH on inhibitor constant of NADPH and p-OHMB

Table 19 shows the results of the inhibition kineties of NADPH
and p-OHMB at two concentration of NADP' in each case and at pPH 7.5
and 34°C. A calculation of the degree of inhibition at the two
NADP+ concentrations for the same inhibitor concentration, shows that
the degree of inhibition is reduced with increase in NADP+ concentra-
tion for the two inhibitors. Thus as already concluded by many other
investigators (4, 17, 86, 107, 123), both NADPH and p~OHMB are eome-
petitive inhibitors of G6PD with respect to NADP‘ binding. Fig 21
shows the Dixon's plot (125) for NADPH and p-OHMB inhibitions of the
NADR " binding reactions to G6PD 8" at pH 7.5 and 34°c. The plots give
straight lines and they intersect on a peint at the left side of the
ordinate for the inhibitions by both compounds.

The inhibitor constants from these plots are as shown in Table 20
at different pH values and at three temperatures. The plots of log Kj

against pH at the three temperatures are shown in Fig 22, The
NADPH

log Kj versus pH profile is very similar to the same plot for log
NADP* 2
Kn This finding is similar to the inhibition behaviour of
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INHIBITION KINETICS OF NADPH BINDING TO HUMAN ERYTHROCYTE

G6PD B'AT pH 7.5 AND AT 34%,

100uM NADP?*

[nADPH] 200uM NADP*

Y V(Bhggo min=) | 1/ %1073 V(AA,, ) min=1] 14yxt0-3

0 0.00577 0.173 0.00625 0.160
8,33 0.00469 0.213 0.00625 0.166
16,67 0.00438 0.229 0.00563 0.178
25.00 0.00417 0.240 0.00521 0.192
33.33 0.00391 0.256 0.00511 0.196
41,67 0,00391 0.256 0.00500 0.260
50.00 0.00310 0.323 0.00455 0,220
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TABLE 19(Db)

INHIBITION KINETICS OF p-HYDROXYMERCURIBENZOATE BINDING

TO HUMAN ERYTHROCYTE G6PD B* AT pH F.5 AND AT 34°Ce

0.33mM NADPY 0.50mM NADPY

[ p-oHMB]

M V(MAggo Mn=1y [ 17y x 103 f v(AAy,omin=T) | 1/ x10%3

0 0.00438 0.229 0.00446 0.224
16.67 0.00408 0.245 0.00441 0.227
33,33 0.00370 0.270 0.00391 0,256
50.00 0.00361 0.277 0.00375 0.26Y
66467 0.00333 0.300 0.00357 0,280
100.00 0,00313 0.320 0.00341 0.293
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TABLE _20(a)

NADPH

DEPENDENCE ON pH OF log K{

FOR G6PD BY

NADPH

- log K¢
o
pH i 34% 40°%¢
6.14 5.19 + 0.03 5.00 + 0.03 | 4.94 + 0,01
7.03 5.15': 0.02 5.02‘1 0.01 4,90 3’0.02
7.60 5.16 * 0.03 4.89{: 0.01 4.78 + 0.02
8.68 5430 # 0,06 5.16 + 0.02 4.98 + 0.02
9.02 5426 + 0.03 i 5.00 # 0.03 4.82 & 0.01
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TABLE 20(b)

P-OHMB
DEPENDENCE ON pH OF log Ky FOR G6pPD B%

P=OHMB
- log Ki

pH 279¢ 34 40°¢c

6.02 4.80 + 0.02 4.60 + 0.01 | 4.46 + 0.02
6454 4.60 + 0405 4.50 + 0.02 | 4.42 + 0.01
7.05 4,38 + 0.03 4.20 + 0.01 | 4.10 + 0.01
7.51 4.51 + 0.02 4.41 + 0.02 | 4.25 + 0.02
8,50 4.46 + 0.02 4.33 + 0.02 | 4.22 + 0.02
9.00 4.34 + 0.02 4.22 + 0,02 | 4.03 + 0.01
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TABLE 21(a)

DEPENDENCE ON pH OF AH OF INHIBITION BY NADPH

PH AH (Kcal mole‘i)
6420 10.53 + 0,52
6.60 10.21 + 0.46
7.00 9.15 + 0.10
7.40 13.04 + 0.46
780 13.73 + 0.56
8420 12.42 + 0,10
8460 10.68 + 0.36
9,00 14.87 + 0.26
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TABLE 21(b)

DEPENDENCE ON pH OF AH OF INHIBITION BY p-OHMB.

PH AH (Kcal male'l)
6420 9.86 + 0.10
6460 5.63 + 0,10
7.00 10.07 + 0.31
7440 9.50 + 0.15
7.80 9.15 + 0.10
8420 8.10 + 0.15
8460 10.21 + 0.10
9.00 11.44 + 0.36
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TABLE 22(a)

INHIBITION OF ERYTHROCYTE G6PD B' BY NADPH. DEPENDENCE OF
REACTION VELOCITY NORMALIZED TO THE VELOCITY OF UNINHIBITED

REACTION ON INHIBITOR CONCENTRATION,

o

pPH 7.60 347°C
[NADPH] 100pM NADP* 200p4M NADP*
M V(AA34O min-i) V/v’: V(AA34O min-i) V/v.
0 0.00577 1,00 0.00625 1.80
8433 0.00469 0.81 0.00625 1.00
16.67 0.00438 0.76 0.00563 0.90
25,0 0.00417 0.72 0.00521 0.83
33,33 0.00391 0.68 0.00511 0.82
41.67 0.00391 0.68 0.00500 0.80
50.00 0.00310 0.54 0.00455 0.73
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TABLE 22(b)

INHIBITION OF ERYTHROCYTE G6PD B'BY p-HYDROXYMERCURIBENZOATE,
DEPENDENCE OF REACTION VELOCITY NORMALIZED TO THE VELOCITY

OF UNINHIBITED REACTION ON INHIBITOR CONCENTRATION.

pH 7.51 34°%.

{ poHME] 0.33mM NADP* 0.50mM NADPY
pM V(0A340 min=1) v/Vg | V(BA3a0 min-1y v/v,
0 0.00438 1,00 0.00446 1.90
16,67 0.00408 0.93 0.00441 0.99
33,33 0.00370 0.85 0.00391 0.88
50400 0.00361 0.82 0.00375 0,84
66467 0.00333 0.76 0.00357 0.80
100.00 0.00313 0.72 0.00341 0.77
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D-malate in fumarase where D-malate (a competitive inhibitor of fuma-
rase activity) behaves in an anal@gous way to the natural substrate,
fumarate (126). The structures of the substrate and the inhibitor

are similar just like for NADP® and NADPH. The log Kf“OHHBversus pH
profile is a bit different from the log KzADP* profile but it shows

the important extrema at pH values of 6.60, 7.10 and 8.50. The extrema
at pH values of around 6.60 and 8.50 represent the ionizations of groups
on the enzyme - substrates - inhibitor complex while the extremum at

pH value of around 7.10 represents the pH - linked dissociation -
association equilibrium of G6PD (11).

The results are interesting in that they show that since NADPH
has a structure that is very similar to that of NADP*, it should bind
at the binding sites of NADP' on the G6PD enzyme molecule. The inter-—
pretation of the dependence of log K, on pH just like for™ leg Km is
according to Dixon (103). Hence the present data show that NADPH
binds to the same binding sites already postulated for NADP+. p-OHMB
is known to react specifically with available sulfhydryl groups in
proteinse Thus these findingsgshow that imidazolium group of histidine
and sulfhydryl group are involved in the catalytic mechanism of Napp*
binding to G6PD. The fact that the enzyme is not completely inacti-

vated by p-OHMB shows that these groups are only linked to the binding
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Figure 21: Dixon's plots of 1/y against inhibitor concentration
for the determination of inhibitor constant,

Kj for G6PD B* at pH %.5 and at 34°C.

(a) 1Inhibitlon by NADPH at © = o -= o 100uM

NADPY 9 « @ - @ 200uM NADP¥.

(b) Inhibition by p-OHMB at O - 0 = @

0.33mM NADPY, ® - @ = ® 0.50mM NADP*.
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sites, they are not the sole groups in the binding site. This same
finding had been reported by Kahn et al (50). From this result,
it is likely there is a sulfhydryl group near the imidazole group
which causes the ionization of the latter when p-OHMB binds to the
former, These findings are consistent with earlier postulate of two
NADP"

binding sites in the G6PD molecule from the Km as afunctien of
pH studies, Hence the binding of NADP+ to G6PD involves imidazolium
group of histidine and sulfhydryl groupe

Fig 23 shows the i H against pH profile for both inhibiters.
The AH against pH profile for NADPH inhibition is similar te the
BH of NADP® binding to G6PD. The two U-shaped curves obtained for
the dependence on pH of the enthalpy of dissociation of the enzyme
NADP' or enzyme~NADPH complex just like enzyme -~ G6P complex (127)
are characteristic of the tetrameric and the dimeric forms ef G6PD
at acidic and alkaline pH regions respectively. 4H against pH pro-
file for p«OHMB inhibition is a bit different from that of NADP' or
NADPH binding but it is almost a two U-shaped curves too with each
U-shaped curve at acid and alkaline pH regions.

Fig 24 shows the graph of v/V, against the inhibitor concentra-

tion for the two inhibitors at pH 7.5 and at 34°C as shown in Table 22,
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+
Figure 22: Variation of log Ky with pH for G6PD B «
0-0-0 27% A-d-A 3%

A=A - A 40%

(a) Inhibition by NADPH

(b) Inhibition by p-OHMB.
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Here it could be seen that p-OHMB inhibits the enzyme activity 30%
while NADPH inhibits more (about 50%) even at lower (about half of
p=-OHMB) concentration. This is in accordance with the findings of
Balinsky et al (107) and Luzzatto (14) and Harris (53). Harris (53)
rationalized the lower inhibition by pcMB in terms of steric eompee-
tition at the active site between pcMB and the bound eoenzyme. p-OHMB
is supposed to have a higher affinity for sulfhydryl group,'one aetually
expects an inactivation of the enzyme by the mercapt}de—forming rea-
gent. But Chung et al (4) and Kahn et al (50, 124) had showﬁ that the
coenzyme, NADP+, itself when in excess protects the inhibigion by the
p-OHMB of G6PD activity. Thus the concentration of NADP " for pe~OHMB
inhibition is more than that for NADPH inhibition teo be qb;e to have
measurable velocities.

Luzzatto et al (18) carried out an inhibition experiment with
p-hydroxymercuribenzoate on five variants of G6PD including A*, B+,
A? Ijebu-0de and Ita-Bale. A" and B' variants were found to be
equally inhibited by p-OHMB while variant A~ was more susceptible to
inhibition by the mercaptide-forming reagent. Babalola et al (24)
suggested that the structural change in A™ variant is one that brings
two cysteine residues in a favourable position for disulfide bridge

formation and the inhibition by p-OHMB is rationalized as suggesting
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that the structural abnormality of A~ may lie at or near a cysteine
residue (18). The fact that A~ variant is more sensitive to inhibi=-
tion by p-OHMB.than the A* and B variants and the fact that A~ variant
has more affinity for NADP® than A* and B* variants suggest that the
sulfhydryl groups are involved in the binding of NADP' to G6PD variantse
This is because the A~ variant with more sulfhydryl groups near the
binding site than the other two variants shows more affinites for
p-OHMB, which is known to bind specifically to sulfhydryl greups, and
for NADP+, which from the inhibition experiments by NADPH and p-OHMB

by us and other investigators (4, 17, 18, 86, 107) bind to groups on

the enzyme molecule in which sulfhydryl groups are involved.

5.3.2¢ Conclusion: The foregoing shows the involvement of both
imidazolium group of histidine and sulfhydryl group in the
binding reactions of NADP' to G6PD variants., A combination of
both substrate binding kinetics of NaDP' and inhibition kinetics
of NADPH and p-OHMB shows the infpertance of these groups in the
catalytic activity of human erythrocyte G6PD. The stfict
relationship between catalytic activity and inactivation of a

cysteine residue by p-OHMB suggests that the sulfhydryl group is
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Figure 23: Variation of AH with pH for the dissociatien

of G6PD-inhibitor complex.

(a) For inhibition by NADPH.

(b). For inhibition by p-OHMB.
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part of the active centre of the enzyme. All the facts from
the kinetics of NADP* binding and inactivation by these inhibiters
point out the relationship in G6PD between free sulfhydryl groups
and enzyme activity. It then looks as if the involvement of both
imidazole (histidine) and sulfhydryl groups is a property of the
pyridine nucleotide - dependent dehydrogenases in general. This
fact is borne from the conclusions by Keleti et al (59) that
histidyl residues and sulfhydryl groups are involved in the
catalytic activity of G3PD, and by Keleti (120) that both groups
are involved in yeast alcohol dehydrogenase and glycerophosphate
dehydrogenase activities. The involvement of cysteine residue in
the active centre of gluconate 6-phosphate dehydrogenase from
Candida utilis has alsoc been reported by Rippa et al (128).
G6PD is a pyridine nucleotide - dependent dehydrogenase with
broad specificity just like G3PD. Hence the involvement of
both imidazolium group of hisitidine and sulfhydryl group in
G6PD in NADP* binding reactions should be expected in view of
its similarity with G3PD.

The fact that evidence from inhibition studies, pH dependence
of log KﬁADP+ and pH dependence of log Vpax implicates both groups

as being involved in the catalytic mechanism of NADP* binding
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Figure 24: Plot of the reaction velocity (v) normalized
to the velocity of the uninhibited reaetion

(Vo) at pH 7.5 and at 34°C.

(a) Inhibition by NADPH with O = 0 - 0 100gM

Napp” and 8 - ¢# - & 200pM NADPY

(b) Inhibition by p-OHMB with O = Q = O

0.,33mM NADP* and @ - ¢ - © 0.50mM NADPY,.
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to G6PD variants shows that these groups are really involved.
But the fact that the enzyme is not completely inactivated by
p-OHMB shows that these groups are linked to the binding site,
that they are not solely the groups involved in the binding of

NADPT to G6PD molecules.

S5e3e3s Interaction of primaquine dighosghasﬁ xith G6PD reaction=

The percentage inhibition of human erythrocyte G6PD by

NADPH is 54% and the Ky value at pH 7.5 is 7.0uM, The percentage
inhibition of G6PD by primaquine diphosphate with respeet to
NADP* and G6P binding are respectively 13.7 and 23.1 and the

ki for the inhibitions are respectively 24.2pM and 8,0uM.

Table 23 shows the inhibition patterns of some antimalarial
drugs, NADPH and orthophosphate ion as found in this work and

by Cotton et al (129) and De Flora et al (138).
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TABLE 23

% inhibition

at 100uM NADP*

and 50uM

Inhibitor | inhibitor K4 (NADP) Ky $G6P) | Reference
Primaquine 28.1 1.2 x 10~3 - 129
paludrine 30.0 1.1 x, 1074 s 129
Mepacrine 17,2 1.8 x1073 - 129
Chloroquine 47.5 5.14 x 10~% - 129
Daraprime 36.4 8 x 10‘5 = 129
Primaquine
Diphosphate 133 24,2 x 10~6 8 x 10~6 | This work
NADPH 54,0 7.0 x 10~6 i This work
orthophosphate - 6.0x10'3-3.3x10'2 - 130
e e iz

The inhibition by primaquine is competitive with respeet to
NADP* binding and non-competitive with respegt to G6P binding but
the Ky for G6P binding is less than that for NaDP* binding.

This suggests that the inhibition of G6P binding by

primaquine diphosphate is more than that for NADP*

binding, Hence binding of the primaquine diphosphate at an
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allosteric site to the binding site of G6P is a likely mechanism
to explain this finding. The allosteric binding of the inhibitor
is such that the conformational change in the G6PD molecule makes
it more difficult for the substrate, G6P to bind to its binding
site.

The inhibition of NaDP* binding by both NADPH and primaquine
diphosphate are competitive (17, 86, 129). Our data show that the
K1 for NADPH is less than that fer primaquine diphosphate. This
observation might be due to the fact that NADP* and NADPH have
similar structures and that primaquine diphosphate binds to the
same site but because of its smaller structure, could not inhibit

the binding of nappt as effectively as NADPH.
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Structures of Primaquine and NADPH,
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Inhibition of G6PD activity especially by the antimalarial

drugs will have far reaching effects on the metabolism of the

cell considering the fact that G6PD plays a major role in the
hexose monophosphate pathway shunt which is the sole producer

of NADPH. The resulting hemolytic episode may be the consequence

of interaction with G6PD reaction by antimalarial drugs in

subjects with G6PD deficiency. Primaquine by our finding has a

————— DNy
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complex inhibition pattern for NADP* binding. There is some form
of activation at low primaquine concentration and inhibition at
high primaguine concentration. Primaquine would cause activation
of the enzyme activity if it oxidises NADPH which is essential

for maintaining glutathione in the reduced state. Such a situation
might account for increased hemolysis in variant subjects with low
intracellular NADPH concentration (39) resulting from non-
availability of reduced glutathione to maintain the integrity of
the red cells, The mechanism of hemolysis in deficient subjects
might then be an oxidation of the low NADPH resulting in non-
availability of NADPH to reduce oxidised glutathione, Thus this
results in non-availability of reduced glutathiona #o sajotalin the

integrity of the erythrocytes, hence hemolysis,

GSSG. + HY + NADPH = NADP* 4+ 2GsH

The question then is whether individuals in the Nigerian
or African populations who experience skin irritations as a
side effect of antimalarial therapy have a skin G6PD deficiency
or erythrocyte G6PD deficiency or both. It will be a very useful
finding to investigate this problem in respect of the G6PD A~

variant subjects and the many antimalarial drugs.
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The Michaelis constant, Kp and the maximum velocity, V...
for the binding »f Nicotinamide Adenine Dinucleotide Phosphate
(nappt) to human erytﬁrncyte G6PD variants A%, B¥ and A”

in Tris-borate and Triethylamine-borate buffers were

determined as a function of pH and temperature. The log

Vgax Versus pH curves for each of the G6PD enzymes increases
monotonically between pH 5.90 and 7.0 and becomes constant

from about pH 7.5 upwards. These curves, and their temperaturs -
depend?nces, are compatible with the presence of a single
ionizsble group which, in its conjugate acid form, renders

the enzyme-substrate cemplex inactive. The pK of this group

is 6459 at 27®C and its enthalpy of ionizatien is 13.5 kcal
mule'1. The log Kp Versus pH curves show a broad plateau
between pH 6.7 and 8.2, interrupted by a sharp minimum at

pH 7«1 for all the enzyme variants. An explanation of this
unusual behaviour in terms of cooperative ionization of groups
- qn the enzyme and enzyme-substrate complex which may be linked

to the association-dissociation behaviour of the enzyme is

proposed, The imidazolium group of histidine and sulfhydryl
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group may contribute significantly to the observed pH dependent
behaviour of both Vpax and KgADP+. For each G6PD variant,

the plot of AH of NADP+ binding against pH gives the shape

of a two U=-shaped surves intersecting at a point of maximum AH.
The position of intersectien ef the two U-shaped curves varies
for the three G6PD variants. The amino acid changes in the
different genetic variants of the human erythrocyte ehzyme
therefore confer varied reactivity in terms of differences in pH
of maximum AH for the different enzymes. Each U=-shaped region »i
the AH versus pH curve coincided with the pH of stability ef th:
tetramer and dimer forms ef the enzyme. The tetramer of the enzvmo
being more stable at the more acidic pHe.

The G6PD enzyme variants show no cooperative interactions
amoné the NADPY* binding sites in Tris=borate and Triethylamine-~
borate buffers of low ionic strength but are cooperative in buffers

@£ higher ionic strength. This observation in the variation of
cooperative interactions with pH and ionic strength is interpreted
in terms of high populations of tetramers and dimers at the low
and high ionic strengths respectively.

The inhibitor constants, Kj for NADPH and p-OHMB with

respect to NADP* binding to G6PD B* were determined as a function
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of pH and temperature. Th~ enthalpy associated with the inhibition

varies with pH in a similar way as the AH of the NADP* binding

indicating that imidazolium group of histidine and sulfhydryl

group also influerce the pH dependence of NADPH and p-OHMB inhibi-

tions in the same way as does the NADPY binding thermodynamics.
Interaction ¢f primaquine as a typical antimalarial drug

with G6PD activitv may result in hemolytic episode in deficient

enzyme subjects tarough the impaired generation of NADPH which is

essential for maintaining sufficient level of reduced glutathione,



3.

- 234 -

REFERENCES

Carson, P.E., Flanagan, C.l.., Ickes, C.E. and Alving A.S. (1956).

Enzymetic deficiency in primaquine sensitive erythrocvtis

Science 124: 484,

Burch, GeE. and Phillips, J.H. Jr. (1966).
Hemolytic Anemiz and Erythrocyte Glucose-6-phosphate
Dehydrogenase Deficicncy. American Journal of the
Medical Sciences 251: 105-115,

Chung, A.E. and Langdon, R.G. (1963).
Human erythrocytc glucoSe 6-phosphate dehydrogenase:
I. Isolation and properties of the enzyme., Journal

of Biological Chemistry 238: 2309-2316.

Chung, A.E. and Langdowrn, R.G. (1963).
Human erythrocyte glucose 6~phosphate dehydrogenase:
II. Enzyme-coenzyme interrelationship. Journal
of Biological Chemistry 238; 2317-2324,

Kirkman, H.N. (1959).
Characterization of partially purified glucose-=6-
phosphate dehydrogenase from normal and primaquine-

sensitive erythrocytes. Federation Proc. 18: 261.

Carson, F.E., Schrier, S.L. and Kellermeyer, R.W. £1959),
Mechanism of inactivation of glucose-6-phosphate-
dehydrogenase in human erythrocytes. Nature
(London) 184: 1292-1293,




8.

10.

3B ks

=088 - =

Bonsignore, A., Lorenzeni, I., Cancedda, R., Silengo, L.,
Dina, D, and De Flora, A. (1968).
Metabolism of human erythrocyte glucese 6-=phosphate
dehydrogenase. IV. Reductive inactivation and

autoinactivation of the enzyme. Italian Journal ef

Biochemistry 17: 346-362,

Cancedda, R., Ogunmcla, G. and Luzzatte, L. (1973).
Genetic Variants of Human Erythrecyte Glucose-6-
phosphate Dehydrogenase. Digcrete conformational
states stabilized by NADP* ard NADPH. European
Journal of Biechemistry 34: 199-204.

Horecker, B.L. and Symrniotis, P.Z. (1953).
Reversibility of Glucose=6-phosphate oxidation.
Biochim. et Biophys. Acta 12: 98-102.

Wallenfels, K. (1969).
The significance of the Investigation of Model Compound:
for the Elucidation of the Mechanism of Hydrogen-
Transfer with Pyridine Nucleotides. Pyridine Nucleotice
Dependent Dehydrogenases. Edited by H. Sund 31-38.

Babalola, A.0.G., Beetlestone, J.G. and Luzzatto, L. (1976).
Genetic Variants of Human Erythrocyte Glucese-6-
phosphate Dehydrogenase. Kinetic and Thermodynamic
Parameters of Variants A, B and A~ in Relation to
Quaternary Structure. Journal of Biological Chemistry
251: 2993-3002.




12.

13.

14,

15.

15.

=238, -

Yoshida, A. (1968).
Subunit structure of human Glucose-6-phosphate dehydro-
genase and its genetic implications. Biochemical
Genetics 2: 237-243.

Bonsignore, A., Lorenzoni, I., Cancedda, R. and De Flers, A.
(1270). Distinctive patterns of NADP binding to
dimeric and tetrameric G6PD from human red cells.
Biochemical and Biophysical Research Communications
39: 142-148.

Luzzatto, L. (1967).
Regulation of the Activity of Glucose=6-phosphate
Dehydrogenase by NADPY and NADPH. Biochimica
et Biophysica Acta 146: 18-25,

Afolayan, A. (1969).
Blochemical studies of genetic variants of gluccse-
f-phosphate dehydrogenase in Nigeria. Ph.D. Thesis
University of Ibadan, Nigeria.

Afolayan, ‘A, and Luzzatts, L. (1971),
Genetic variants of human erythrocyte glucose
6=-phosphate dehydrogenase. I. Regulation of activity
by oxidised and reduced nicotinamide-adenine

dinucleotide phosphate. Biochemistry 10: 415-419,




17+

18.

392

20.

21,

Soldin, S.J. and Balinsky, D. (1968).
The Kinetic properties of human erythrocyte Glucase-6-

phosphate Dehydrogenase. Biochemistry 7: 1077-1082,

Luzzatto, L. and Afelayan, A. (1968).
Enzymic properties of different types of human
erythrocyte glucose-6-phosphate dehydrogenase, with
characterization of two new genetic variants.
Journal of Clinical Investigations 47: 1833-1842,

Yoshida, A., Buar, E.W. and Motulsky, A.G. (1970).
A Philippino glucose 6-phosphate dehydrogenase Variant
(G6PD Union) with enzyme deficiency and altered
substrate specificity. Blood 35: 506-513

Kirkman, H.N., Kidson, C. and Kennedy, M. (1968).
Variants of human glucose 6-phosphate dehydrogenase.
Studies of samples from New Guinea. Hereditary
Disorders of Erythrocyte Metabolism, Edited by

E. Beutler. New York, Grune and Stratton. Pg 126.

Luzzatto, L. , Usanga, E.A. and Reddy, S. (1969).
Glucose 6-phosphate dehydrogenase deficient red cells-
resistance to infection by malaria parasites.
Science 164: 839-842,




- 238 -

22, Luzzatto, L. (1973).
New developments in glucose-6-phosphate dehydrogenase

deficiency. Israzel Journal of Medical Sciences 9:

1484-1498.

23. Luzzatto, L. and Okoye, V.C.N. (1967).
Resolution of genetic variants of human erythrocyte
glucose 6-phosphate dehydrogenase by thin-layer
chromatagraphy. Biochem. Biophys. Res. Commun.
29: 705-709.

24, Babalola, 0., Cancedda, R., and Luzzatto, L. (1972).
Genetic Variants of glucose 6-phosphate dehydrogenase
from human erythrocytes: Unique properties of A™
variant isolated from "“Deficient" Cells. Proc. Nat.

.:\C«‘id. SCio U-So;\u _6’9-: 946’9500

28. Luzzatto, L. and Afolayan, A. (1971).
Genetic Variants of human erythrocyte Glucose-=6-

phosphate Dehydrogenase. II. In Vitro and in Vivo
function of the A~ Vvariant. Biochemistry 10: 420-:-23.

26. Shaw, C.R. (1365).
Electrophoretic Variation in enzymes. Science

149: 936-943,



27.

28.

89,

30.

31.

- 239 <

Boyer, S.H., Porter, I.H. and Weilbacher, R.G. (1962).
Electrophoretic heterogeneity of glucose-~6-phosphate
dehydrogenase and its relationship to enzyme deficiency
in man. Proc. Nat., Acad. Sci. U.S.A. 48: 1868-1876.

Kirkman, H.N. and Hendrickson, E.M. (1963)
Sex-linked electrophoretic difference in glucose
6-phosphate dehydrogenase. American Journal of Human
Genetics 15: 241-258.

Kirkman, H.N., Riley, H.D., and Crowell, B.B. (1960).
Different enzyme expression of mutants of human
glucose 6-phosphate dehydrogenase. Proc. Nat. Acad.
Sci. U.S.A. 46: 938-944,

Bonsignore, A. and De Flora, A. (1972).
Regulatory properties of glucose 6-phosphate dehydro~
genase. Current Tepics in Cellular Regulation 6:
21-62.

Tarlov, A.R., Brewer, G.J., Carson, P.E¢ and Alving, A.S5. (1562).
Primaguine sensitivity. Glucose 6-phosphate-dehydrogenase

deficiency: An inborn error of metabdlism of medical

and biological significance. Archivessof Internal

Medicine 109: 209.°




32,

33

34,

35.

36.

37.

Lol D

Porter, I.H., Boyer, S.H., Watson-Williams, E.J., Adam, A.,

Szeinberg, A. and Siniscalo, M. (1964).
Variation of glucose 6-phosphate dehydrogenase in

different populations. Lancet 1: 895-899,

Luisada, A. (1941).
Favism; Singular disease chiefly affecting red bleod
cells. Medicine 20: 229-250.

Hockwald, R.S., Arnold, J., Clayman, C.B. and Alving, A.S. (1952),
Toxicity of Primaquine in Negroes, Journal of the
American Medical Association 149: 1568-1570.

Porter, I.H., Schulze, J. and McKusick, V.A. (1962).
Genetical linkage between the loci for glucose-6-
phosphate dehydrogenase deficiency and colour blindness
in American Negrées. Annals of Human Genetics £6: 107-122,

Smithies, 0. (1955).
Zone electrophoresis in starch gels: group variations
in the serum proteins of normal human adults,
Biochemical Journal 61: 629-641,

ShOWS, T.B. Jro, Tashian, RoEo’ Brewer' G.Jo and Dem, R.J. (1964)
Erythrocyte glucose-6-phosphate dehydrogenase in
Caucasians: new inherited variant. Science 145; 1056-1057%




38.

39.

40

41,

42,

43,

el %

W.HeOs (1967).
Nomenclﬁture of Glucose-~6-phosphate dehydrogenase

in man. Bull. WHO 36: 319-322.

Yoshida, A. (1973).
Hemolytic anemia and Glucose 6-phosphate Dehydrogenase

Deficiency. Science 179: 532-537.

Luzzatto, L. (1972).
Genetics and biochemistry of glucose~6-~phosphate
dehydrogenase Variants in Nigeria. Int. Symp. Strukt.
Erytrocyten, 6th 19570 267=272,

Yoshida, A. (1967).
A single amino acid substitution - asparagine te
aspartic acid = between normal (B*) and the commen
Negro Variant (A*) of human glucose-6-phosphate
dehydrogenase. Proc., Nat, Acad. Sci. USA 57: 835,

Yoshida, A. (1970).
Amino acid substitution (Histidine to Tyrosine) in
a Glucose 6-phosphate Dehydregenase Variant (G6PD
Hektoen) associated with over:ﬁroduction. Journal

of Molecular Biology 52: 483-490.

Beutler’ Eo (1969) -
Drug-induced hemolytic anemia. Pharmacological Reviews
21: 73-103.




- 24 -

44, Ramot, B. (1969).
Glucose 6-phosphate dehydrogenase variants. Clinical
Implications. Ann. Soc. belge Med. trop. 49: 281-288.

45, WeHeOs (1967).
Standardization of procedures for the study of glucose
6-phosphate dehydrogenase., Tech. Rep. Ser. WHO
No. 366,

46, Beulter, E., Mathai, C.K. and Smith, J.E. (1968).
Biochemical Variants of glucose 6-phosphate dehydro-
genase giving rise to congenital Non-spherocytic
Hemolytic Disease. Blood 31: 131-150,

47, Beutler, E. and Rosen, R. (1970).
Nonspherecytic congenital hemolytic anemia due ta a
new G6PD variant: G6PD Alhambra. Pediatrics 45:
230-235,

48, Engstrom, P.F. and Beutler, E. (1970).
G6PD Tripler: A unique variant associated with chronic

hemolytic disease. Blood 36: 10.

49, Usanga, E.A., Bienzyle, U., Cancedda, R., Fasuan, F.A.,
Ajayi, 0. and Luzzatto, L. (1977).
Genetic Variants of human erythrocyte glucose 6=phosphate
dehydrogenase: new variants in West Africa characterizcc
by column chromatography. Ann, Hum., Genet., Lond.
40: 279-286.




50.

51s

53.

4.

55,

!'.

= 44y ==

Kahn, A., Lagneau, J., Boivin, P. and Hakim, J. (1972).
Importance and function of imidazole and sulfhydryl
groups in the catalytic activity of human erythrocyte
glucose 6-phosphate dehydrogenase. Biochimie 54:
997-1004.

Yoshida, A., Beutler, E. and Motulsky, A.G. (1971).
Human Glucose 6-phosphate dehydrogenase Variants.
Bull, WHO 45: 243-253.

gatson, He.C. and Banaszak, L.J. (1964). ‘
Struecture of Glyceraldehyde 3-phosphate dehydrogenase.
Structural symmetry within the molecule. Nature 204:
918-920.

Harris,y J.I. (1969).
The Primary Structure and. Activity of Glyceraldehyde
3-phosphate Dehydrogenase. Pyridine Nucleotide
Deperxdent Dehydrogenases. Edited by H. Sund 57-70,
Hackjsg Iay Meriwether, 5.P. and Park, J.H. (1963).
Chemical Nature of the Catalytic Sites in Glycer-
aldehyde 3-phosphate Dehydrogenase. Néturé"12533154-137.

Harris, J.le and Perham, R.N. (1965).

Gly!e:aldehyde3-phospha£e Déhydtogenases. I.” The
protein éhains in glyceraldehyde 3-phosphatc dehydrp-
genase from pig muscle. Journal of Molecular Biology
13; 876-884.,




- 244 =

56. Harrington, W.F. and Karr, G.M. (1965).
Subunit structure of glyceraldehyde 3-phosphate
dehydrogenase. Journal of Molecular Biology 13:
885-893.

5%. Cullis, A.F., Muirhead, H., Perutz, M.F., Rossmann, M.G.
and North, A.C.T. (1962).
Structure of Hemoglobine. IX. A three-dimensional
Fourier Synthesis. at 5¢5A resolution: description ef

the structure. Proc. Roy. Soc. A, 265: 161-187.

58, Velick, S.F. (1953).
Coenzyme and the thiol groups of glyceraldehyde
3-phosphate dehydrogenases Journal of Biological
Chemistry, 203: 563=573,

99. Keleti, T. and Batke, J. (1967).
The Kinetics of reactions catalysed by Deglyceraldchyde
3-phosphate dehydrogenase. III. The pH dependence
of apparent Michaelis constants and maximum velocity.

Enzymologia 33: 65-79,

60. Friedrich, P., Polgar, L. and 5zabolczi, G. (1964).
The existence of a histidine residue essential fer
glyceraldehyde 3-phosphate action. Acta Physiol.
Aead, Sci. Hung. 28: 217-228.




- 2457 =

61. Cori, C.F., Velick, S.F. and Cori, G.T. (1950).
Composition of diphosphopyridine nucleotide with
glyceraldehyde phosphate dehydrogenase. Biochimica
et Biophysica Acta 4: 160-169.

62. Velick, S.F., Hayes, Jr. J.E. and Harting, J. (1953).
The binding of diphosphopyridine nucleotide by glycer-
aldehyde 3-phosphate dehydrogenase., Journal of
Biological Chemistry 203: 527-544,

63. Koshland, Jr. D.E., Ceok, R.A. and Cornish-Bowden, A. (1969).
Cooperative Phenomena in Yeast Glyceraldehyde 3-phosphate
Dehydrogenase. Pyridine Nucleotide Dependent Dehydro-
genases, Edited by H. Sund 199-208.

64, Yoshida, A. (1966).
Glucose=-6-phosphate dehydrogenase of human erythrocyte:.
I. Purification and characterization of normal (28%)
enzyme. Journal of Biological Chemistry 241: 4966-4975.

65, Rattazzi, M.C. (1969).
Isolation and Purification of Human erythrocyte
Glucose b6-phosphate Dehydrogenase from small amounts

of Blood. Biochimica et Biephysica Acta 181: 1-11,

66, Cohen, P, and Rosemeyer, M.A. (1969).
Human glucose 6-phesphate dehydrogenase:; Purification
of the erythrocyte enzyme and the Influence of Ions on

its Activity. European Journal of Biochemistry 8: 1-7.




- 246 *~=

674 Bonsignorey;A.; Lorenzoni, I., Cancedda, R., Nicolini, A.,
Damiani, G. and De Flora, A. (1970).
purification of glucose 6-phosphate dehydrogenase from
human erythrocytes. Italian Journal of Biochemistry
19: 165-177.

68. Khan, A., and Dreyfus, J. (1974).
Purification of Glucose 6-phosphate dehydrogenase from
Red Blood Cells and from Human Leukocytes, -Description
of a new method of Purification by Electric Elution of ti.
enzyme with NADP*., Biochimica et Biophysica Acta
334; 257-265,

69, De Flora, A., Giuliano, F. and Morelli, A. (1973).
Rapid purification of Glucose 6-phosphate dehydrogenzsa
from Human erythrocytes by means of Affinity
Chromatography. Italian Journal of Biochemistry
22: 258-270,

70, De Flora, A., Morelli, A., Benatti, U. and Giuliane, F. (1975).
An improved procedure for Rapid Isolation of Glucose
6-phosphate Dehydrogenase from Human Erythrocytes.
Archives of Biochemistry and Biophysics 169: 362-362,

74, Morelli, A. and Benatti, U. (1974).
Simple Chemical Synthesis of a specific effector for
the Affinity Chromatograpy of Nicotinamide Adenine
Dinucleotide phosphate-dependent Dehydrogenases.
Italian Journal of Biochemistry 23: 279-291,




72. Morelli, A. and De Flora, A. (1977).
Isolation and Partial Characterization of an NADP-
and NADPH- Binding Protein from Human Erythrocytes.
Archives of Biochemistry and Biophysics 179: 698-705.

73. Yoshida, A. (1975).
Purification of Human Red Cell Glucose 6-phosphate
Dehydrogenase by Affinity chromatography. Journal of
Chromatography 114: 321-327,

Glucose 6-phosphate Dehydrogenase: Its purification
and Properties. American Journal of Clinical Pathology

47: 296-302.

75. Kirkman, HeN. and Hendrickson, E.M. (1962).
Glucose 6-phosphate dehydrogenase from human erythrocytes
ITI. Subactive states of the enzyme from normal person:s

Journal of Biological Chemistry 237: 2371-2376.

76. Cohen, P. and Rosemeyer, M.A. (1969).
Subunit interactions of glucose 6-phosphate dehydro-

genase from human erythrocytes. European Journal of

of Biogremistry 8: 8-15,

77. Yoshida, A. and Hoagland, V.D. Jr. (1970).
Active molecular unit and NADP+ content of Human

Glucose 6-phosphate Dehydrogenase. Biochemical and

Biophysical Rescarch Communications 40: 1167-1172,




784

79.

80.

81,

82.

- 248 =

Omachi, A., Scott, C.B. and Hegarty, H. (1969).
Pyridine Nucleotides in human erythrocytes in different
metabolic states. Biochimica et Biophysica Acta
184: 139-147.

Rattazzi, M.C., Corash, L.M., Van Zanen, G.E., Jaffe, E.R.
and Piomelli, S. (1971).
G6PD deficiency and chronic hemolysis: Four new mutante
Relatiorship between clinical syndrome and enzyme

kinetics. Blood 22: 205-218,

Monod, J., Wyman, J. and Changeux, J.P. (1965).
On the nature of Allosteric Transitions: A plausible
Model. Journal of Molecular Biology 12: 88-118.

RattaZZi’ M.Ce (1968).

Glucose 6-phosphate dehydrogenase from human erythrocytes:

molecular weight determination by gel filtration.
Biochemical and Biophysical Research Communications 31:
’ 16-24,

Wrigley, N.G., Heather, J.V., Bonsignore, A. and De Flora, A.
(1972),
Human erythrocyte glucose 6-phosphate dehydrogenase:
electren microscope studies on structure and inter-
conversion of tetramers, dimers and monomers.

Journal of Molecular Biology 68: 483.




83,

84,

85.

86.

87.

88.

- 249 =~

Bonsignore, A., Cancedda, R., Nicolini, A., Damiani, G.

and De Flora, A. (1971).
Metabolism of Human Erythrocyte Glucose 6-phosphate
dehydrogenase. VI. Interconversion of Multiple
Molecular Forms. Archives of Biochemistry and
Biophysics 147: 493-501.

Michaelis, L. and Menten, M.L. (1913).
Kinetics of Invertase Action. Biochem. Z. 49:
333-369.

Lineweaver, H., and Burk, D. (1934).
The determination of enzyme dissociation constants.,

Journal of American Chemical Society 56: 658,

Kainji, M.I., Toews, M.L. and Carper, W.R. (1976).
A Kinetic study of Glucose-6=phosphate Dehydrsa-
genase, Journal of Biological Chemistry 251:
2258-2262,

Whitehead, E. (1970).
Remarks on the Kinetics of Enzymes with Interacting
Effector Molecules. Test of a configurational
hypothesis in a Quasi-equilibrium model.
Biochemistry 9: 1440-1453,

Koshland, D.E. Jr., Nemethy, G. and Filmer, D. (1966).
Comparison of Experimental Binding Data and
Theoretical Models in Proteins containing subunits.
Biochemistry 5: 365-385.




89.

90.

91.

92

93.

-~ 280 =

Steiner, R.F. and Greer, L. (1977).

The interactive binding of two Ligands by an alloster:

Protein. European Journal of Biochemistry 78:
127-132,

Pettigrew, D.W. and Frieden, C. (1977).
Treatment of enzyme Kinetic data. Extension of the
concerted allosteric model to the Two-Substrate
Case, Journal of Biological Chemistry 252:
4546-4551.

Ainsworth, S. (1968).
A comparative study of some mechanisms describing
Interaction Effects in a Dimeric, Two-substrate

enzyme catalysed reaction. Journal of Theoretical
Biology 19: 1-28,

Kirtley, M.E. and Koshland, D.E. Jr. (1967).
Models for Cooperative Effects in Proteins
containing subunits, Effects of two Interacting
Ligands. Journal of Biological Chemistry 242:
4192-4205.

Sumi, T. and Ui, M. (1972),
Allosteric properties of Enzymes with a "Ping-p. =*
mechanism., Biochimica et Biophysica Acta 276:
12-18.




94,

95,

96.

97.

98.

- 251 =

Cleland, W.W. (1963).
The Kinetics of Enzyme-catalyzed Reactions with two

or more substrates or product;. I. Nomenclature and
Rate Equations. Biochimica et Biophysica Acta 67:
104-137.

Frieden, C. (1967).
Treatment of Enzyme Kinetic data. II. The multisite

case: Comparison of allosteric models and a possible
new mechanism. Journal of Biological Chemistry 242:

4045-4052.,

Antonini, E. and Brunori, (1271),
Hemoglobin and Myoglobin in their Reactions with
Ligands. North Holland, Amsterdam.

Hill, A.V. (1910).
The possible effect of aggregation of molecules of
haemoglobin on its dissociation eurves. Journal of
Physiclogy (London) 40: iv-vii.

Kuby, Se.A., Wu, J.T. and Roy, R.N. (1974),
Glucose 6-phosphate dehydrogenase from Brewers' Yeast
(Zwischenferment). Further observations on the
Lingand-induced Macromolecular Association Phenomenon;
Kinetic Properties of the Two=-chain Protein Species;
and studies on the Enzyme-substrate Interactions.
Archives of Biochemistry and Biophysics 165: 153-178.




- 252 =

99. Johnson, L.N. and Phillips, M. (1965).
Structure of some crystalline lysozyme-inhibitor complexes
determined by X~-ray analysis of 6 Angstron resolution.
Nature (London) 206: 761-763,

100. Luzzatto, L. and Allan, N.C. (1965).
Different properties of glucose 6-phosphate dehydro-
genase from human erythrocytes with normal and abnormal
enzyme levels, Biochemical and Biophysical Research
Communications 21: 547-554,

101. Yoshida, A. and Lin, M. (1973).
Regulation of glucose 6-phosphate dehydrogenase activity
in Red Blood Cells from hemolytic and nonhemelytic
Variant subjects. Blood 41: 877-891.

102. Anusiem, A.C., Beetlestone, J.G. and Irvine, D.H. (1966).
Reactivity Differences between Haemoglobins. Part VI.
The reaction of Human Methaemoglcbins A and C with
azide Ion, and the Concept of "Haem-linked" Groups.

Journal of the Chemical Society A: 357-363.

103.. Dixon, M X 1953).
The effect of pH on the affinities of enzymes for

substrates and inhibitors. Biochemical Journal 22:
161-170.




104.

105,

106.

107.

108,

- 238 =

Soldin, S.J. and Balinsky, D. (1966).
The Kinetic properties of human erythrocyte glucose
6-phosphate dehydrogenase. South African Journal
of Medical Sciences 31: 122-123.

Edsall, J.T. (1943).
Proteins, amino acids and peptides. Edited by
EesJe Cohn and J.,T. Edsall Page 445. Reinhold Corp.,

New Yorke.

Tanford, C. (1962).
The interpretation of Hydrogen Ion Titration Curves
of Proteins. Advances in Protein Chemistry 17:
69-165.

Balinsky, D. and Bernstein R.E. (1963).
The purification and properties of glucose-6-phosphate
dehydrogenase from human erythrocytes. Biochemica
et Biophysica Acta, 67: 313-315,

Beetlestone, J.G. and Irvine, D.H. (1964).
Reactivity Differences between Haemoglobins., Part IITI.
The effect of ionic strength and Multiple charge
changes on the Free Energy and Enthalpy of Ionization
of Methaemoglobins. Journal of Chemical Society
pPart V: 5086-5089,




- 254 -

109, Beetlestone, J.G. and Irvine, D.H. (1964).
Reactivity Differences between Haemoglobins, Part IV.
The Thermodynamics of Ionization of some Vertebrate
Haemoglobins. Journal of Chemical Society Part V:
5090~5095.

110. Beetlestone, J.G. and Irvine, D.H. (1965).
Reactivity Differences between Haemoglobins. Part V-
Further studies on the Ionization of Haemoglobins.
Journal of Chemical Society Part III: 3271-3275.

111, Anusiem, A.C., Beetlestone, J.G. and Irvine, D.H. (1968).
Reactivity Differences between Haemoglobins. Part VIII.
The Thermodynamics of the Reaction of Human Met-
haemoglobins A and C with Fluoride, Thiocyanate and
Cyanide Ions. An interpretation of Enthalpy changes
in terms of Hydration. Journal of Chemical Society
(A): 960-69.

112, Lumiy, R. and Rajender, S. (1970).
Enthalpy-Entropy Compensation Phenomena in Water
Solutions of Proteins and Small Molecules. A
Ubiquitous Property of Water. Biopolymers, 9:
1125-1227.

113. Anusiem, A.C.I., Ogunmola, G.B. and Beetlestone, J.G. (1977).
Binding of Azide Ion to Methaemoglobin at Elevated
Temperatures and the Reality of the "Compensation"
Temperature. Biopolymers 16: 2613-2618.




114,

115,

116.

317,

118.

- 295 =

Krug, ReR., Hunter, W.G. and Greiger, R.A. (1976).

Enthalpy-entropy Compensation. I. Some fundamental
statistical problems associated with the analysis
of Van't Hoff and Arrhenius data. Journal of
Physical Chemistry 80: 2335-2340,

Krug, Re.Re., Hunter, W.G. and Greiger, R.A. (1976).

Enthalpy=entropy Compensation. 2. Separation
of the chemical from the statistical effect.
Journal of Physical Chemistry 80: 2341-23514

Yue, H.R., Noltmann, E.A. and Kuby, S.A. (1969).

Glucose 6-phosphate Dehydrogenase from Brewers'
Yeast (Zwischenferment). III. Studies on the
subunit structure and on the Molecular Association
Phenomenon induced by Triphosphopyridine Nucleotide.
Journal of Biological Chemistry 244: 1353-1364,

Porter, I.H. (1968).

Variants of Glucose 6-phosphate Dehydrogenase.
Annals of Internal Medicine 68: 250-251.

Kuby, SsA. and Roy, R.N. (1976).

Glucose-s-gposphate Dehydrogenase from Brewers'
Yeast. The effects ef pH and temperature on the
steady - state Kinetic Parameters of the Two-chain
Protein Species. Biochemistry, #8: 1975-1987.




119.

120.

121.

122,

123,

- 286 -

Cook, ReA. and Koshland, D.E. Jr. (1970).
Positive and Negative Cooperativity in Yeast Gly-
ceraldehyde 3-phosphate Dehydrogenase. Biochemistry,
9: 3337-3342.

Keleti, T. (1969).
The role of Zinc Ions, =-SH groups, and Histidyl
Residues in the mechanism of Dehydrongenases,
Pyridine Nucleotide Dependent Dehydrogenases.
Edited by H. Sund 103-115,

Sanwal, B.D. (1970).
Regulatory Mechanisms Involving Nicotinamide
Adenine Nucleotides as Allosteric Effectors. 1III.
Control of glucose 6-phosphate dehydrogenase
Journal of Biological Chemistry; 245: 1626-1631.

Glaser, L. and Brown, D.H. (1955).
Purification and properties of D-glucose-6~phosphate
dehydrogenase. Journal of Biological Chemistry
312: 67~79.

Kirkman, H.N. (1962).
Glucose 6-phosphate dehydrogenase from human
erythrocytes. I. Further purification and
characterization., Journal of Biological Chemistry
237: 2364-2370.




124,

125,

126.

127,

128,

129.

- . 257 =

Kahn, A., Boivin, P. and Lagneau, J. (1972).
Kinetic and thermodynamic study of human erythro-
cyte glucose 6-phosphate dehydrogenase. Seven
different African variants. Biechimie S4:
775=-785.

Dixon’ M. (1953) °
The determination of enzyme inhibitor constants.

Biochemical Journal 22: 170-171.

Massey, V. (1953).
Studies of Fumarase. 4. The effects of inhibitors
on Fumarase activity. Biochemical Journal 55:
172-177.

Babalola, A.0.G. (1973).
Unpublished worke.

Rippa, M., Grazi, E. and Pontremeli, S. (1966).
Studies on the Mechanism of Action of Gluconate
6-phosphate Dehydrogenase. The presence of a
Cysteine Residue in the active Centre. Journal
of Biological Chemistry 241: 1632-1635.

Cotton, D.W.K. and Sutorius, A.H.M. (1971).
Inhibiting effect of some Antimalarial Substances
on Glucose-6-phosphate Dehydrogenase. Nature
233: 197,



v B

- 258 =

130. De Florg, A., Cosulich, M.E., Damiani, G. and Dacha, G. (1972},
Evidence for a Transient Tetramer form af Glucose

6-phosphate Dehydrogenase from Human Erythrocytes,
Italian Journal of Biochemistry 21: 205-220.






