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(1) Comparative biochemical studies have been carried out on five

senetic variants of human erythrocyte glucose-6-phosphate

variants are common (A” is associated with deficiency) while the
latter two are rare (below polymorphic frequency) and have been

characterised for the first time,

(2) Partially purified preparations of the five enzyme types

. have been used in a number of kinetic studies., All the variants
have approximately the same affinity for glucose-b6-phosphate but
when the substrate analogue 2-deoxy glucose-b-phosphate is used,
1jebu-Ode emerges as the variant with the lowest affinity for it.
The effect of pH on the activities of the two rare variants

(carried out according to WHO recommendation) indicate that both

of them have a slightly biphasic pattern. The rate of inactivation
of the two rare variants as compared with the B variant show that
Ita-Bale had a minimally increased thermolability while the

thermolability of Ijebu-Ode was markedly increased,

(3) A detailed analysis of how pH affects two main Kinetic

Parameters of enzyme reacti
ym ons, namely Umax and K » for glucose

b-phosphate has been carried out for all the variants, Fop all

the variants, there is Al videtalivitendyoincrease of V. with



SUMMARY

1) Comparative biochemical studies have been carried out on five
genetic variants of human erythrocyte glucose-6-phosphate
dehydrogenase in Nigeria, These variants A, A”, B, Ijebu-Ode

and Ita-Bale in order of decreasing electrophoretic mobility, are
found with diffepent frequencies in Nigeria. The fipst three
variants are common (A” is associated with deficiency) while the

latter two are rave (below polymorphic frequency) and have been

characterised for the first time,

(2) Partially purified preparations of the five enzyme types
have been used in a number of kinetic studies. All the variants
have approximately the same affinity for glucose-b-phosphate but

when the substrate analogue 2-deoxy glucose-b6-phosphate is used,

Ijebu-Ode emerges as the variant with the lowest affinity for it.

The effect of pH on the activities of the two raye variants

(carried out dccording to WHO recommendation) indicate that both

of them have a slightly biphasic pattern. The rate of inactivation

of the two rare variants as compared with the B vapiant show

that
Ita-Bale had a minimally increased thermolability while the

thermnlability of Ijebu-Ode was markedly increased.

(3) A detailed analysis of how pH affects tyo main kinetic

Paramete ‘
rs of enzyme reactions, namely ?max and Km‘ for glucose

6~phosphate has been CAT ke G i renfigyposggiy g, varianta . pokil



§H€EUangjtriaébnrata-citratu, tris-borate, tris-borate-
{tethylamine buffers) over the entire range explored from pH 5.5

to 9.5. In addition, A~, Ijebu-Ode and Ita-Bale have a plateau

iﬂ the pH region between 7.5 and 8.2, whereas A and B have a 'peak

and trough' in the same region. Characteristic pailerns Were

obtained for each variant on plotting log vmax’ log hm and log V 5

1{'m
versus pH. From the waves in the plots, the pKs corresponding to
jonised imidazolium and thiol residues in free enzymes and
enzyme-substrate complexes were obtained. The data also indicate
the absence of thiol residue in or near the active centre of
Ijebu~Ode. The Km data obtained for type A™ have not been always

consistent and a possible explanation is presented,

(4) The dependence of enzyme activity on NADP and NADPH
concentration was examined for the five variants. Sigmoidal
saturation kinetics of A, B and Ita-Bale variants for NADP clearly
differenciate them from the near-hyperbolic kinetics of A and

Ijebu-Ode enzyme types. Two dissociation constants (K, and Ke )

1 2
corresponding to states of low and high affinity for NADP, have be

obtained for each variant. An explanation about the mechanism of
such interactions is also presented. The complex kinetics of

‘Nteraction of the enzyme variants with NADPH has implicated this

Métabolite as both an activator and inhibitor, but A~ type emerges

a8 the least activated and.imbibitedemhe sum total of the



ethylamine buffers) over the entire range explored

+0 0.5, In addition, A", Ijebu-Ode and Ita-Bale have a plateau
in the pH region between 7.5 and 8,2, whereas A and B have a 'peak

and trough’ in the same region. Characteristic patterns were
- v
log K| and log y
K
m
the pKs corresponding to

obtained for each variant on plotting log V .y

versus pH. From the waves in the plots,

ionised imidazolium and thiol residues in free enzymes and

enzyme-substrate complexes were obtained, The data also indicate

the absence of thiol residue in or near the active centre of
Ijebu-0de. The Km data obtained for type A~ have not been always

consistent and a possible cxplanation 1€ presented.

(4) The dependence of enzyme activity on NADP and NADPH
concentration was examined for the five variants, Sigmoidal

saturation kinetics of A, B and Ita-Bale variants for NADP clearly
differenciate them from the near-hyperbolic kinetics of A~ and

Ijebu-Ode enzyme types. Two dissociation constants (KE and K_ )y
1 2

corresponding to states of low and high affinity for NADP, have beer
obtained for each variant. An explanation about the mechanism of
such interactions is also presented. The complex kinetics of
interaction of the enzyme variants with NADPH has implicated this
metabolite as both an activator and inhibitor, but A” type emerges
48 the least activated and inhibited., The sum total of the

interactions of GGEPD WithebARi andebrosmetabolite, NADPH, has led



variants, Ijebu-Ode is strickingly resistant to PCMB and totally
resistant to NEM. An explanation for the resistance of Ijebu~Ode

To these inhibitors is suggested.

(6) Enzyme inactivation as a function of temperature exhibits
distinctive profiles for all the variants and Ijebu-Ode
particularly displayed a unique picture. The implication of the
differences obs’ “ved in this thermal inactivation profile studies

are also discussed.

(7) Finally, it is sugpested that differences observed in the
catalytic and kinctic properties among the five variants of G6PD
dare a reflection of the structural differences among them which
also implies different mutational changes in the structural

locus for red cell glucose-6-phosphate dehydrogenase.

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT

L



|

INTRODUCTION

in the field of biochemistry, genetics and medicine Las been

.
—_—

carried out on this enzyme which has been isolated from a
vapiety of sources, GGPD is the enzyme catalysing the fipst
step in the metabolism of plucose through the pentose phosphate
pathway, and at the same time one of the main source§of
‘supplies of NADPH in all cells, The significance of this enzyme
in metabolism is more appreciated when considered in the light
of biochemical chanpes associated with its deficiency in the

red cells of human beings,

(1) Distribution:

C6PD 1s found almost ubiquitously in living organisms.
Thus, 1t has been described in a variety of micro-organisms
[Glasef 6 drown, 1955; Jioltmann, Cubler & Kuby, 19613% An
| Olive & Levy, 1967) and in most tissues of higher animals

¢ (Glock £ Hclean, 1955; deutler, 1965), cxtensive purification

and characterisation has been carried out from yeast (noltmann,

.~ Gubler £ Kuby, 1961), rat mammary gland (Levy, Raineri §
Hevaldine, 1966), and human erytiirocytes (Marks, Szelnberg &
Banks, 19613 Kirkman & Hendrickson, 1962 Chung & Langdon 1963a,

1_.;3 Bzh ; !n 5 h i d a : 1 'I.'] b ﬁ J ; AFRICAN DIGITAL HEALTH REPOSITORY PROJECT




JSTRIBUTION OF GLUCOSE- 6-PHOSPHATE DEHYDROGENASE DEFICENCY

A ¥

D (37
X

R
B

Fig, 1. World Distribution of G6PD Deficiency (from Motulsky

and Campbell-Kraut, 1961), It is to be noted that the
gene 1s not the same in all areas shown,

For instance,
A" predominates in Africa and Nopth Americas

Mediterranean
predominates in Italy, Greece and

the Middle East; while
Can ton i. 5 i n t hEAFIE:&IF{GIE@EAQ{}LREPOSITORY PROJECT
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Most of the work on the world distribution of GGPD genetic
piants have been limited to those involving more or le.s
pronounced enzyme deficicncy (see Fig. 1). The reascn ior this
ﬁh not far fetched. The method of detection of CoiD polymorphisa
has consisted mainly of various quantitative assays while only
a small proportion of investigations has also employecd
gualitative technique, Lnzyme deficiency of the severe type
(less than 5% of normal) is very prevalent in the Mediterranean
(Motulsky & Campell-Kraut, 1961; Kirkman, Schettini & Pickard,
1964) and in the Middle East (Szeinberg, Sheba & Adam, 19583
Szeinberg, 1963; Beutler, 1965) populations. Lnzyme deficiency
of the mild type (about 10-20% of normal) is common in people of
African ancestry (Carson et al. 19506; CGilles & Taylor, 1961;
dover, Porter & Weilbacher, 1962; Kirkman & tendrickson, 1963;

Beutler 1965) and in the TFar East (Motulsky & Campell-Kraut,

1861; Beutler, 1965),

The hypothesis that malaria has been a selective force
favouring the spread of the pene for GGED deficiency (Hotulsky,
19603 Allison & Clyde, 1961) has been highly controversial,

There is certainly a remarkable coincidence between the

( Efographical incidence of the two conditions although Kidson &

E?mn (1962) and Kruatrachwrer SHEFSEHYAF . Chonpsuphalaieiddhi £
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in areas with high malaria hu#ﬂ‘ln g:ihjufi@uncy. Field sty

¢ and/or veverity of

malaria was less in G6PD deficient subjects have been unnﬂfi__::_‘l;iﬁu
(Gilles, Hendrickse, Allan, Reddy, Lindner & Gupra, 1963,
However, recently, Luzzatto, Usanpa £ Reddy (19u58) clearly
demonstrated in heterozygous deficient females that deficient red
cells have a much lower rate of parasitisation than nomal cells,
'\This ioc the first direct cvidence of the selective advantage with
respect to malaria afforded by the gene for GEPD deficiency in a

‘population with endemic malaria,

{§) Qualitative variations of glucose=-6-phosphate dehydroggnasge:

The development of sensitive rescarch techniques has
Made it possible to detect various types of GGPD exhibiting
Qualitative rather than quantitative diffcrences., The starch-gel
| Blectrophoretic technique (Smithies, 195%) has proved to be an

invaluable tool for detecting multiple forms not only of Eﬁph
{Boyer ot al. 1952; Shows, Tashian & Hrewer, 1964) but of othep
eniymes as well,

On the Lasis of eluctrophoretic mobility on starch gel,
‘Beveral comuon GG6PD phenotypos have beon identified, ) {
_:I noresnclature of these variante had been confusing !un-'ﬁuyh
%+ In 1960, the World Health Organisation convened a S’.ﬁig
p which recommended the following (WO, 1967). The most commor

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT



-/
ind ubiquitous variants of GGrD, to be called 5, suould be
15 reference with whicli all other variants can be compared, an
T" q_E_i:-nonv&niance be called the "nommal" t}l_ﬁﬂ- The “#”m '
with normal activity and electrophoretically faster than U, whicli
is ~mn among people of African ancestry, should be cdlled As ”
variant commonly found among the same people, which has the
sama electrophoretic mobility like A, but is associated with ‘
enzyme deficiency, should be called &7 . All other vaviants 'shaﬁlﬂ':
be given a geographical name related to the arca where they are J
discovered. Among these, tlie most widespread are the |
#Medi terrancan” tvpe - the variant with enzyme deficiency
‘responsible for favism in Greece, Sardinia and the Middle i:q_a't'..
and the Canton variant, also associated with enzyme deficiency,

‘and found in China. All otlher variants are encouttered

Sporadically (see Table 1),

It is presumed, also on the basis of penetic ¢vidence

(oee section 6) that GEPD variants represent the prddu'q;t-?hf-_‘-_.
- i

>

Butations at the Structural locus for this eniyme. Accordingls Y,

expect that at least the majority of the variants will o

y
P

=

each other by single emino acld substitutions.

g i

Yy
g i

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT

- = — g A==



- 12 -

TABLE II
ISTRIBUTION O PD TYPES IN NICGERIA

— — =—
MALES (n=583) FEMALES {(n=265)
L -
TYPE 1} TYPE EXPECTED  FOUND
A 23.0 AlA )
B 56 .4 A/AT) 14.8 15.8
A 20,6 B/B )
B/AT) 54,9 60.4
AlB 26.0 20.4
A/AT 4,2 3.4
; o _— —
= The pnuai'hh_:: number of genotypes obtoinable from the females Ei.;ﬁl.

L afx s dndicated in ths table. Electrophoretically, only four

Uencise oi the femalo were caloulsted from the obaarved frecudhoy

&

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT
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G6PD variants in Ligeria: .

Ao ) 3

- R =

'ul.r- -
'. ekl

It has been shown since 1960 (Gilles & Arthur 185C
I

’”daf:cianny has @ high incidence in higeria and the T"T "lr

_f ven by various investigators for male subjects a_;fq*rqt-l

1 o : |
ﬁﬁgnuximntaly 203 (Edozien 1964; Porter et al. 1964) .,

More recently, the incidence of variants Hith.nquui-nﬁﬁ .
n established

but different electrophoretic mebility has also bee

Eﬁguzzattn, Allan & De Flora, 190S§; Luzzatto & Allan.-lﬂﬁ!ﬁg_ 1

mong the subjects with normal
(see Table IJ;f.

‘It has thus been found that a
?fhtivity, both the A and U types are very Common
:ﬂi are thepefore dealing in this population with a three liiqgfﬁi
‘polymorphism, including B, &, and A", A nunber of sporadic

Variants has also been cncountercd, and two of these will be

Fﬁllcribnu in detail. Hone of the latter atrtains pnlyuuppﬁi;.

_3itquen:y.

: | )

tict:

[

| - |-
=

ofie type of (bPD, but females can produce either mrqr“

ither "nommal® or "deficient", but females
" 1" op "intermediate” or “deficient™.

| Tgl_ ﬁﬂ.;r one Il-nimm in each ¢
ﬁi‘ __I AFRICAN DIGITAL HEAL POSIT(T ﬁECT-



pothesis: Lyon 1961, 1962). As a result, no

= SRR ) |
the same level of GBPD like normal males and t.ltﬂt:i.nnt L .l,
cy as deficient

T

:'é' deficiency trait, but also the alettrnplmruti'c Fﬁlﬂﬂﬁﬂl_ 1150

-

Bf G6PD are sex-linked, It has been pointed out that the GB6PD ‘

type having normal electrophoretic mobility may be found in .

enzyme activity (Mediterranean). Similarly, the common GGPD
‘type with greater electrophoretic mobility can be found associated
with normal enzyme activity (A) or with low enzyme activity (A7),
Mhese data might be interpreted in terms of interplay hutuuan@w
|

' Structure and rate of production of the unzyme might be controlled

‘genetic loci: one controlling the structure of thne enzyme, t—ﬁi-{J‘
ly,

other its rate of production (sce Tig. 2, Nodel 1). Altnmnt;f”_

by one and the samc locus on the X-chromosome (Fig. 2, Hodel I1).

ihe two models make dilferent predictions which can be testud, |
According to Model I, enzyme types o and Neditervancan should ? ‘
Haye the game structurw, This was goon disproved Ly :urqful -
| :llll].j'ﬂln of their Kinetic propertics which turned out to be .
4 different (Kirkman et al. 1064), Again, nunurding.tq_ﬂpqplh'x,ﬂ .
NZyme types A and AT should have the same structure, Iﬁﬂgit S

& it was clained thar kinetic parameters vere 1':.“%“#&
(Aow baen found incorrect (chapters 1l = V). Furthermor

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT



[L_ MODEL 1 MODEL N
LOCUS WITH
A B ALLELES

] Lt LOCUS WITH
STHUCTURAL ALLELES
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2 LOCUS n
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! |
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- G6PD deficiency, including m. 0 ._fn

o

l nnn-ltﬂmnll lumu mm ing rate ;,_1._- 3
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enzyme.
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<l =
sharp differences between A and A” have been revealed by column
chromatography and by thermostability studies, (Luzzatto & Allan,

Therefore, it appears that Model II, but not Mcdel I, is

consistent with all available biochemical and genetic {(Nance,

1964) data.

(7) The mechanism of haemolysis of GG6PD deficient red cells:

The activity of G6PD is higher in young red cells than in
old ones (Marks, Johnson & Hirschberg, 1958). On ingesting
primaquine, it is the old red cells which are lysed first.

The mechanism of haemolysis of red cells is not completely
explained but it clearly seems to derive from a unique
susceptibility intrinsic to the red cells, rather than from
abnormal extracorpuscular factors developed in response to drug
administration (Dern, et al, 1954). Both Carson et al. (1956)
on one hand, and Szeinberg & Marks (1961) on the other hand,
demonstrated that in primaquine sensitive individuals, the red
cells can not produce enough NADPH. This seems to be the major

metabolic abnormality in G6PD deficient cells and it is therefore

most likely that drug-induced haemolysis is linked to it. The

precise mechanism, however, is unknown. Various possibilities
have been entertained. For instance, NADPH is essential for
reduction of glutathione mediated by glutathione reductase;

reduced glutathione is important in order to preserve the

structural integrity of the red cells (Fegler 1952) and lack of



= 1 R
:','tli. rou,

*'”uta-iﬂiﬁﬁ?f -LRAUle Caplain haemolyeic,
is alsc M@&Hﬂ:@q lipid synthe wsic which might
antial for the structure of ifbha‘!f*."" mbrar
: r-?il!._' 1,. y y : | 9 . 1 B T T )

o .

itz thinna. Cohen & Hochstein uaul, 1964) havu

lat thia may be critical for red cell survival,

gPoups vhich might be essential fop its integritgi

I! =

Fhenotypic variations of GEPD Activity:
Many factors such ac hormones and disease Btﬂtus'muy*afihéi‘

the level of €nzyme activity in red cells. Thyroid homone hgg

B
i
[

}an shown to stimulate the pentose phosphate pathway of '

Earbohydrate metabolism in 1iver cells (iiccheles & beutler, 1958)%)

) L .
#ncreased GOPD activity occurs in patients with hjputhyrﬁigglr

States (Pcarson & Druyan, 196); Kidson £ Gajdusek, 19G2), In some

e e P |

Qisease states like vipal hepatitis and diabetic

acidosis, haemolytic

| o N
@naemia in GHPD deficient individuale may occuyr althﬁuah very

anely in the absence of drug administration (Gant & HIHR&, Iiith

.=Tar1uv 8rewer, Carson & Alving, 19623 Uurka, Weaver & m ‘f]

:(2)

ol

Holecular structure of GGPD:
GEPD han been crystallised from yeast by Hnltmiqgh rﬁ ler &

-

: uhy (1961), These authors have shown that thﬂwgn hunta

noleculay VELEIRE 08 appr o sdudi Ghspontoper o ﬁﬂl.-.“
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| |F#H-f1l a mﬁln,nutml

Sucrese gradient uuntvifugaﬂnn,, mrL -. : Langdo

purified preparations, obtuined a value fﬂ}i"-ﬂﬁ.. |
g.pﬂdﬂry method,

More vecently, ranhidaltlaﬁﬁg. faﬁr
sedimentation equilibrun a value of 240,000 fep fﬁh‘"'l'

weight of crystalline GEPD (type B), Yoshida Elﬂﬁ&b”hi

i ol
determined the moleeular weight in the pregence of y Mgua "Hgﬂ¥*i

the bﬂﬁiﬂ nné these

T
he suggested that the cnzyme is made up of & 1&&;1 -‘j"‘“'
|5ub~unitr R

‘chloride and obtained a value of 43 , 000, DOn

findlngb,

attazzi (1967) obtained by careful work haﬂhﬂ‘ﬂnfh
H8¢ oI gel filtration on Sephadex G-200 the value of 1ﬁhiﬁhﬂ
More crude preparations of wed cell G6PD, He algo nhtaiﬁgdi

‘evidence for the presence of a small fraction (up to a few |
of active enzyme having

|l-l|.|

major component. In summary, there are two sets uf’vuluq!u n the

literature for tha moleculur weight of numan &rythmw 6 PD

II':'
.|"n.r

fet around 200,000, | Comparativ:

i h'.'-u

. &
data reveals that the valucs a o s

-ai.l r.‘]ﬂ

g g W
» 1966) were .-,.';-.,_g_:

one sct arcund 100,000 and one

Incpection of the

Liung t Langdon 1963a; Yoshida
Zyme concentration between 0,

Ues around 100,000 (Kivkman & Haqﬂnigkqgn

8, Jﬁﬁ!; Rattazzi, lagglmgﬁn‘m:ftEQﬂﬁﬁ



i Hjl'l---l::-:.n.f y ull-p “:‘
i | e l-"'—n"

i

xplan ,E,,-H-_q- .,‘.1! "r.'j'- & - ”. pancies is ;“;r_u :i~"-' r.ﬁ%h truly
st in at ﬂ:‘e“m {-uu intnm ible Lh,l‘: in tie .oise o
“F er-dimer nqullihrium. 1f *ﬂih ,;.'_l .':-',v.-;--, Y =iy

n ct,
| we night proesume that at phyﬂiﬁioﬁuii‘mj; _;-:’u ‘.;’ ntratior
“ ¢ molecular weipht is approximately 100, Mb i

L eUNTeC

B |-""-|' -
The

L]

A related controversy regards the nuiber of upp:l, pe EE‘“"*L

chaing making up the nolecule of C6PD. The nnly da)tq,‘;ﬁ‘gl
N-terminal

Broups lave been reported by Chung & -‘._'-.'-E'r"

Who found both N-terminal tyrotine and alanine, Ynahidu U.'la

lHE.'I} on the basis of the analyeis of tryptic digﬂﬂtu and or

data on the molecular walgph

I.-
t (see above) has discounted ‘the

] r'ﬂ-

‘evidence for two N-teminal amino acids and suggested thn'gue
I

one typa of polypeptide chain ig present; however, no data mz

H-tﬂmmal groups are in his paper, Clearly, moxe dgm r-‘"-]

=

F
On primary structure ape urgently needed, .

In spite of

the insufficiency of these Structural al,}""'“'igq-'-:.';;;;_';h
iiﬁﬁs. bean clearly established ic the crucial role of ¢ unﬁ_l

o substrates of C6PD, nanely NADP, in stabilis
of the enzyme,

=
Rk
. 1I'

the Lirct data came from the mmjiel 5f Cai
Schrier ¢ Rellermeyer (1959, who found that
Ny #ntu GGPD and furthen

i.l-ll 1_

-y

v i N oy =
1 & -3 . s
[ 1Y = Ol N L (F R [
e e '_--'?-_-. Bl T -tl-'._ . :

sliowed that ‘Eﬁf¢ ffect wa

"'""\'!-r

Presence in the styona of Mm .;q,_-,ﬂf e ot R

£ -"I | © r:il.*'Tl-il'i.lp'l II- 'Iu--'|‘.|.;:‘ii.u:
AFRICAN DIGITAL eltdlail WOM



‘krm (1962) showed that NADP can protect
jactivation during incubation at 37°C . "‘m s effect i
goncentration-dependent, Similar results have 1 o1 b I:H obtair

3y other workers, The data on the cffect of HAﬂF or i?—“. al

i M koA

denaturation profiles of G&PD (nee chapter VI) auﬁg&iﬁ; chat the
pole of this substance is to npeclf:lt:alljy stablize the ?E "!jﬁ
structurc of the protein, orection “"-5 ‘-

= i

inactivation are purely qualitative, Chung & Lanﬂdbn ’flfﬂﬂﬁ‘l
able by fluorcscent techniques to show thnat two molecules of
HADP per molecule of cnzyme are strongly bound to GGPFD ﬁf&ﬁ:.?ﬁ

extensive purification. The relationship between "structure

NADP, "stabilizing'" HADP and substrate HADP are not yet ¢ &hﬁ]ﬁ
.'.. t is known iu that just as the affinity of the enzyme for

Substrate NADP is subject to genctic change (chapter ‘IQ;H 50 ;1_,"'--. |

stabilizing effect of HADP is aloo modified in certain | a._zh-h.-

Wariants of the enzyme (Kirkman, Riley & Crowell, 1960 ,_f;;, "f}]_,j:i.’_-i}j.;‘_ri--

ithe other substrate of GEPY, glucose E-phps_pm_n:_;_a_-;; is also

ey b b

Pitical for the structure of the native enzyme | _,.{_j- ‘been

"l. -

"f':?‘_'- demonctrated although Marks, Smﬁinhﬁ;jg_ﬁ ‘-_r-g_.;j_'.'}i;': , (1961)

= s B B '_;--

- —r

UgRested it protects G6PD apainst thermal inactivation.

[
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) ‘
have naturally been concerned with t
ghucoss 6-shospiace and UADY. nmwﬂjcm

Pl .-

*; ‘also come from the study of come substrate gjt ues, such

5 2-deoxy-glucose G-phosphate, the ﬂﬂﬂt}l w;ﬁiﬁ *dy:,;ﬁ_._—i-:-_?}-_L_

NADP and thionicotinanide HADP, Most of the data are tabulated

in Table IIl and will be discussed later (see chapers III & IV)..

p j e
It has become clear that considerable variations occur i u,-:l hine

parametors in different variants and this fact has n:b‘tunﬂ r:L;;-r.;

used in order to identify new variants. doweven, more impo -1_-1*‘_3-‘-

and less explored is the possibility that these 'varifaniﬁﬁi‘- '{.}ﬂ B

relation to their specific kinetic characteristics, migh‘b condi tic

distinct patterns of metabolism within the cell. 1

F
r'h
|' Various inhibitors of G6PD have been described, -'_"_' J

El

Langdn": (1963a) found that p-chlummarcunl}enzoatﬂ {Fﬁﬁﬁ;l h-
‘Bilver ions inhibit erythrocyte GGP'D, suggesting t “‘ﬁlfrm-h.

IE_.Nupa are essential for activity. Phyniulqaicaili%it L more
* -1"'“““‘: inhibitor is probably NADPH. Glaser & By =.n;:L,t:"f":.{i_iﬁ?':""i-’f ‘had

eady found that NADPIl behaved as enmpatitiw ; mh.hs':. T of A

.'l
With respect to yeast G6PD,

" i"f'h-]:lb:—: 'I-....|I -1

finding for the red cell anzyme. > chay

Ehis HADPiL inhibition Bave besd.seataes st gitaddl)

L
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:Ehlrpest in the range of phyﬂinlu 1 concentrations of
m}ff--and in this range small changes ip the nnnuﬁntnitiﬁn of !
inhibitor can produce marked changes in enzyme activity, It is
ﬂ:lrﬁfbrﬂ possible that wc are dealing ?1th ¢ case pflpﬁhdubi-
inhibition, having regulatory funntiaﬁ,{nﬂt unlike what has been
;Qund in micro organisms (Cerhart & Papdec, 1962, 1963). The
inhibitory effect of NADPY has been found to have different
ntensity and characteristies far‘dlifﬁpcnt ganetic variants

(see chapter V),

Among the activators of GoPh, Hg++ hags been the most
.Jthﬂmughly investigated, It is well recognised that this ion is

not a required co-factor, in the sense that the enzyme is '

active even in its absence. 1t has been established for the
yeast enzyme (Manpiarotti, Garre, Acquarone ¢ Silengo (1966)
| 38 well as for the crythrocyte cnzyme (Luzzatto, unpublished ‘
| Obgervations) that the activating effect beurﬁ:nnt.ﬁglf$qglh ,
‘Baximal velocity but also involves a change in the affinity of

the enzyme for both substrates, G6PD and NADP,
L5 :
further ggtablished for the yeast enzyme that mos

€ations have an inhibitory action, and most i

| %'Tiivntunna These runuhﬁﬂ hﬂ"ﬂ




P studying the kinetics of thic enzyme (see chapter 1I).
- W " T
metabolite is known fﬂ'Eﬁfibﬁfﬁ:ﬁﬁﬁ“ﬁ&iﬁfﬁﬁﬁﬁﬁIu‘;anﬂﬁ“.u %
uch a substance might be profitable in the ﬁﬁ'ﬁ&-uﬁ anoths er

= L'i_

k=
possible candidate for motabolic regulation, >
- P

P——

~ On the basis of the above, it is to be expected that the

=ﬁ;hndancn of G6PD activity on pll will be maﬁknﬁl?iﬁifﬁﬁﬁﬁﬁﬁ;§¥

Ehe exact experimental conditions and Eﬂpnninllf:hgwthifﬁﬂkiﬁa

%ﬁ%ﬁufferﬂ and by the ionic composition of the medium, Thus
dpkman in 1950, using a triple buffer consisting of tris,

.1 ur.phatn and glycine demonstrated that red cell GoPD hdl.‘hdnﬁ- : J"

formal and of the A tpr had a bioad pli optimum between ﬂ"lﬂd; 10

in the presence of Hﬂ . Later in 1960, Kirkman, Riley i' 0 os -‘-“ﬂ;r_:_ui
Jl

Using the same mixed buffer found a pi optimum of ﬂ for the no rmial
| |

and primaquinec sensitive cnzyme. These and later data are
a I

‘tabulated in Table I. It is apparent from the table t the
i
dependence of the reaction vate on pHl is apain nnnaid“

different for different vnrmntu. It should be p]ﬂm ur: ut that

=3

‘many of the data tabulated do not mpmﬂunt lr& ) {e

maximal valoecity on pil, since it is not certain that in ever
age bulfeps cmployed did not affect reaction rate nor that
&Very pif saturation of the m:yn was achieved (see

l 1 a1 ltl'. |




Ligha

- r-

This work had bLeen undertaken with a vieu to :;

e anzymic properties of five genctic \r__ """"‘E'..' o4 aryihrocyte

lucose-6-phosphate dehydrogenase found in Nﬁg these anedude

My ey T R R

lJ s e
he *I:hbac common variants, A, A and B, and tﬂa now vardant

_-_

fully characterized (sce chapter I11).

- . = : LW "1:_ e I T &
The comparative biochemical studics nave incj.ﬁdgﬁu.
:1 ouing: =

g Y- e
17 ‘! q‘.."n.-.

(a) Analysis of the variation with pi of the funda

IJ =l L e

parvameters of enayne reactions, Vmax and Ha (¢ '-_'u..“ ¢

Kinetic analysis of the interaction of BBPEF L,.J'L

substrate, NADP, and the reaction prudﬂct, 1 55_

(chapter ¥).
Thermostability experinents (chapter vI);

e action of certain inhibitors (




‘Thie work had been undu:rtnhn‘

e enzymic properties of five gnnutiu v&‘niJ'H 5” oy thy

lucose-6-phosphate dehydrogenase found in Hﬁig:eﬁﬁ:h ~n[;—',?_i-j=_*_'-.'.:.1.:-.-{l-.'-;'.'.

the threc common variants, A, A" and B, and twe nay vapiants

ully characterized (sce chapter I11). -

The comparative biochemical studies nave :L'rlt:ll.l:ll_ln‘:l'@E

olloving:=-

i
(a) Analysis of the variation with pi of the funds
otk

paraneters of cnzyme reactions, Vmax and Kﬂlﬁ"ﬁ

,d
Kinetic analysis of the interaction of Gﬁﬂﬂ with

substrate, HADP, and the peaction pmdtti:t',sﬂ $
T T U R

(chapter V), i
I
Thermostability experiments (chapter VI), and

g B
-,

The action of certain inhibitors (chapten V1),
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CHAPTER 1I

EXPERIMENTAL TECHNIQUES

(1) Reagents: All rcagents used were the purest types which
were obtainable from different manufacturers and which were
considered suitable for research work. NaOH, HCl, HaEHPﬂu,

HB0,, Citric acid, Folin's reagent, and p-Chloromercuribezoic
acid (PCMB) were all of 'Analar' prade from the British Drug
Houses Ltd,; G6P and NADP were from Boerhringer Ltd.; Tris and

NaCl were of 'Certified' grade obtained from General

Biochemicals Ltd.; NADPH, 2dG6P, Diethylaminoethyl ethyl (DEAE) -

Cellulose (Mesh: medium, Capacity: 1.0 mEq/gm), Carboxymethyl

(CM) - Cellulose, (Mesh: medium, capacity 0.62 mg./gm.),
UEAE-Sephadex (particle size: 40-120 u, capacity: 3.5 *+ 0.5 mEq/gm)
Were all obtained from the Sigma Chemical Company Ltd.;

triethylamine and #-mercaptoethanol were obtained from

L. Light & Co. Ltd.; N-ethylmaleimide (NEM) was obtained from
cﬁlhiﬂ'ﬂhﬂm o Ltde

Slucoge 6-Phosphate Dehydrogenase (GEPD) "Typing": Glucose
b~phosphate dehydrogenase "typing" was performed by starch gel
€lectrophoresis in Tris-Borate-EDTA buffer, pH 8.6 according to

the method of Porter et al, (1964) with the following nudifinitihhig
{11 g - S

(2)

The concentration of the NADP in the gel was 10 aM. )

10 uH NADP was also added to the nlthndiq'b"ifir“;lll
=G 0UA T

r _‘!_' rv 0 1 r = AFRICAN DIGITAL HEALTH REPOSITORY PROJECT
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the current 1@§“Fﬁﬂ§iﬁ_

(E) The electric field was 15 v/Citey
un b hﬂ“ﬁi

and the duration of the
A", b and the two new VATianis,

Aftep staining the gels, A,
and whach are

Ijebu=~Ode and Ita-Bale prespectively,

‘designated,
visual mi-.puctinn ’

p than B could be easily recopgnised by

12} Preparation of materials for column chrnmatagraghz.

(a) Calcium phosphate gel:

prepared by the method of 1
A brushite

slowe

Calcium phospliate gel-

hydroxyapatite Was Tiselius, Hjerten

Bnd Levin (1956) with slight modifications,

precipitate was preparcc DY allowing 2 liters of each of

1t an equal rate of flow

DvS M Na,HPO, respectively to run
fabout 115 drops/min.) from TvWO sepapating funnels into a large

3
r lass beaker under SLi0ring.

stion with ion iree wWater, each. time

The pricipitate was decanted and

pashed four times by decant

Up to about 4 liters of volune. Water was again added to 4 liters

1g. of freshly prepared 408, (DY weight'

_Efﬁl volume and then 100
was boiled under atlrr;ng;thr

BaOll was also added. The mixture
again decanted when all but the most

fﬁﬁhnurs. The precipitate,
jal had settled, was washed six times, by

i gh Y dispersed mater
yater. 0,01 1! Sodium phosphate buffer \{,ﬁ ;_31{

gantation, with
and the solution was heated until it was about to

. .:Ir ""u-.- |i

ﬂ}f a brief moment, with the fine lwm &
1 “-ﬂrl lr ‘¥ th.n dﬂﬂﬂ-ﬂt!ﬂ' th‘ ﬁm Ehm i‘ I .
i Golu ‘-'.?n HIIF boiled for 10 m tes. {', proce

.-1-II s .__ -l ll'.

.,'.'E.'_‘g‘_. "l' :__. : __'1 1;"# I h-,nLan LK IJ .l,
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phosphate buffer solution pH 6.8. The hydroxyapatite thus

obtained was then stored in the cold.

(b) Ion Exchangers,
Precycling: The weiphed exchanger was stirred intc 15 vols.

{i.e. vol. of liquid/dry weight exchanger) of first treatment

@cid or alkali and left for at least 30 minutes. The supernatant
Jiquor was decanted and the resin was washed in a funnel until
@ffluent was at "intermediate pd". The exchanger was then stirred
into 15 vols, of second treatment acid or alkali and left for a
further 30 minutes, The supernatant was decanted and the resin

8 washed in a funnel until the effluent was near neutral.

[irst treatment 'Intermediate' Second treatment

pt
~ Cellulcse)
)
- Sephadex ) 0.SN HC1 4 0.58 NaOul
- Cellulose 0.5H HaOH 8 0.5N KCl

Eguilibration: The exchanger was stirred into a volume of ”

-wﬁ-priate buiffer and then left for 20 minutes, The supernant !

® deécanted, The procedure was repeated B times. By then, the

4 s,
Lr ;
¢

usually equilibrated and this was checked by filtmingu nd

the pil of the effluent, Aftep ruadhing_tquilihnltinqg the
™ was stored in the buffer in the cold nnmﬂ;—.d@ 8

T. N

+ .-it I N
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(d) Source of red cells: All enzyme prepapations were from
ffhl-nu'd of male blood donors at the Llood bank of the Univel
Bollege Hospital, lbadan. In all cases, expired blood was used,
hich had been stored with standard acid-citrate~dextrone a4t
?‘c for 3 to 5 weeks., It has been shown that no signiﬂmt: lm

of activity occurs under such storage conditions.

(4) Partial Furification of Enzymes: slood Samples containing

e five enzyme variants were processed follouing esgentially
the method of Yoshida (1966), with some modifications, up to one |

of the vavious ammonium sulphate precipitation steps. Four liters y

of Llood of each enzyme type was thus partially purified. The

mon-availability of large volumes of Ijebu-Ode and Ita-Bale beyond

— —

@ pint of blood each, put a limit to the extent of purification

to the first ammoniun sulphate precipitation Step.,

All procedures were carried out in the cold or in ice bath.
The Luffer used throughout wus HuﬂdFﬂu-KﬂzPDkﬂl:ﬁntain lﬂ_hﬂ

=) =
B-Hercaptoethanol, 107 'H EDTA and 2 x 10™°M NADP. Protein assay |

¥as by the method of Lowry (1951) with Human Gamma Globulin ’

48 standard.

(a) Preparation of liaemolvsates: 2 111:&:*5 of bluud 11: a

time wepe co ntrifuged in a refrigerated MSC eqntrifugl a:t
W g€ for 30 minutes

'|Pt

and the supernatant planm was mmtw
'ETic actached to a water pump. The ved mu lmil_{ vaslied




= 99 =

, refrigerated International Equipment Corporation (IEC)

sentrifuge at 11,000 g for 30 minutes and the supernatant

ollected by a pipette attached to an aspirator bottle in ice,

The precipitated debris was suspended 1in equal volume 0i water

and centrifuged at the same speed and for the same length of

time. The extract was combined with the first haamol ysate

4paking a total of about 2 liters.

(b) DEAE-Cellulose Column: DEAE-Celivlose (100 gm)

‘pre-recycled and then equilibrated with 0.005 H phosphate buffer,

'pH 6.45, was placed on a porous glass filter funnel, Z1 cm in

diameter, A filter paper was placed on top of the resin to serve

as antidisturbance disc. The haemolysate from the previous step

was then poured on the resin. It was washed with 2 liters of

0.005 M phosphate buffer, pH 6.45., The essence of this washing

Was to remove mest of the haemoglobin and t6-phosphosphogluconate
dehydrogenase while glucose-o-phosphate dehydrogenase was left

behind in the resin, G6PD was eluted with 2 liters of 0.1 M

phosphate pH 5.8 containing 0.5 H NaCl. To the effluent,

€-amino-N-caproic acid (final concentration of 107°M) was added

to prevent the hydrolysis of the enzyme by contaminating
Proteolytic cnzymes. The pH ot the effluent was aﬂjuﬁtnﬂttﬁiﬁhii

HF{Ju and after this, nqliﬂ ammonium Iulpﬁﬂﬁéﬁ
i

o

2
(350 gm, pep liter) was added. After huinlnknpt‘ﬁd f

“IEC (11,000 g for 30 minutes). mh 0
q!11.- was done in nanMGM' y.and ext)



—r

2000 =
DEAE-Cellulose column was done on the following day.,

The whole procedure up to this point was repeated icr

another 2 liters of blood for GGPD types A, A, and B, The

ammonium sulphate precipitates were then pooled for each enzyme

type and stored in the deep freeze. Both Ijebu-Ude and Ita-Bale

With a pint of blood each were purified through this step only.

(c) CM-Cellulose Column:

The precipitate obtained from the
DEAE-Cellulose effluent was suspeneded in a small volume of 0.,005M
Phosphate buffer (pH 5.8), dialysed apainst the same buffer for

3 hours at a time, changed two times and was centrifuged at 11,000 g
for 20 minutes. The supernatant was then placed on a column

(5 x 35 cm.) of CM-Cellulose precycled and buffered with the same
+005 M phosphate buffer pH 5.8. The elution of the enzyme with
intreaﬁlng concentration of NaCl was done according to Yoshida
(1365 (see Fig. 4#). The flow rate was 2 ml., per minute. The

En L L - b L3
i¥ne was precipitated from the major fractions with ammonium

Uphate (360 gm. per liter). Variants B, A and A~ enzyme types

ep L y
€ Purified through this step.

(d) Caleiun Fhosphate Gel: The precipitate from the

.
Celluloge column affluent was obtained by centrifuging at
11

2000 B for 30 minutes and was suspended in 0.01 M phniphnt:
Ulfep ¢

PH €.8) and dialysed against the same buff
: er, Inn'a.hnuﬁh

n

the firat inatance and then changed twice again each time fop
the =
" @me period., The supernatant obtained by centr

&

'l

.

0 e
00 g for 20 minutes, was placed on A.qatniggﬂﬂhgggﬁﬁgii .
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el column (3 x 15 cm,) buffered with 0.01 M phosphate buffer
pH 6.8. The elution was carried out with increasing phcsphate
concentration. The flow rate was 18 ml. per hour. The bulk

Of the enzyme fractions was precipitated with ammonium sulphate

{350 g per liter). Only A and A~ were purified through this step.

(e) DEAE - Sephadex: The precipitate obtained from the

falcium phosphate gel effluent was suspended in 0.02 M phosphate
buffep (pH 6.4) and dialysed against the same buffer. The dialysed
S0lution (10 ml., for A type only) was placed on DEAE-Sephadex
€olumn (1.5 x 35 em) buffered with 0.02 M phosphate buffep

(PH 6,14) and was eluted with increasing concentrations of NacCl,

The pradient was produced by adding 0.02 M phosphate buffer

‘PH b.4) containing 0.25 M NaCl to a mixing chamber which contained

K]
00 ml, of 0.02 M phosphate Luffer (pH 6.4) containing 0,05 M NaCl

Efivod {nied '
fixed initial volume of Luffer). This procedure removed most of

the Yellow material and the enzyme fraction became almost

C
°lourless. GEPD was precipitated with ammonium sulphate

.{3 #
0 gn. per liter). An example of purification flow-sheet is

Bho :
*n in Table IV and the data on the purification of all variants

*Aployed are siiown in Table V.

(8) p
Enzyme Ngsays: The assays (essentially according to

Hurn hurg b

dorecker (1955) but with different il s
_h'lnuj | mmi*“:m'; sae

» Were carried out at 24§ i 2ﬂc room twﬁui- h -
"11 : L | AT -
ea micng cuvettes with light path of 1 om. The 1
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ates were fcllowed on the basis of increase in absorbance at

340 mp (caused by NADPH production) as a function of time using

elther a spectrophotometer UNICAM SP 500 or a Gilford automatic
multiple absorbance recorder, Model 2000. The NADFA is produced
in the reaction catalysed G6PD between G6P and WADP according

to equation,

G6P + NADP \——-——-3 6PG + NADFIi + H

The unit of activity is the amount of enzyme required

to produce a unit change in optical density per minute. This is
different from the international definition (following the
Pecommendations of the International Enzymes Commission) which
15 the amount of enzyme required to produce 1 ymole of NADPH at
346 my per minute. The typical assay mixture, in a micro

Cuvette, contained 0.03 M Tris Borate buffer, pH 8.

i mM Clucose 6=-Phosphate

0.3 mM NADP (final concentrations).

Enzyme was added last and final volume was 0.3 ml. The cuvette
Was quickly covered with a piece of parafilm, inverted two or

three times Ior proper mixing and optical density measurements

Yere wgen 4t suitable intervals.

(6) X_mal Ve 83 f { In order tq

the trug relationship between e

ik

and pH, it was nlmllii!gv'ﬁm
“NSure that three conditions be satisfied:
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rates were followed on the basis of increase in absorbance at

340 mp (caused by NADPH production) as a function of time using
elther a spectrophotometer UNICAM SP 500 or a Gilftord automatic
multiple absorbance recorder, Model 2000. The NADFH is produced

in the reaction catalysed G6PD between G6P and NALP according

to eéquation,

G6P + NADP = S GPG + MNADFH + H

The unit of activity is the amount of enzyme required
Y0 produce a unit change in optical density per minute. This is
different from the internaticnal definition (following the
Téccmmendations of the International Enzymes Commission) which
is the amount of enzyme required to produce 1 ymcle of NADPH at
340 mu per minute. The typical assay mixture, in a micro

Eu‘lEttﬂ‘ contained 0.03 H Tris Borate buff&r. FH B.

4 mM Glucoee 6-Phosphate

0.3 mM NADP (final concentrations).

Enzyme was added last and final volume was 0.3 ml. The cuvette
ag Quickly covered with a piece of parafilm, inverted two or

"hree times for proper mixing and optical density measurements
Yere "™en at suitable intervals,

l
“) Maxima) Velocity as a function of il In order to obeain

B9 T velatlionshill batidn Vaax 3nd pH, it was Mm u y

k *NEury that three condi tzimmu]amq B L
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(1) The complete incubation mixtupe must retain at each
PH and throughout the reaction time, the pH CFf the

buffer used in its preparation,

(2) The concentration of each substrate musi scoturate

the enzyme at each pH,

(3) The ions used in order to adjust the buffer to the
desired pH values must not affect the enzyme velocity

in any other way than by changing the hydrogen ion

concentration.

(1) When the amount of buffer added to the reaction mixture is,
fop instance, such as to yield a final concentration of about
0.03 M and each one of the reaction mixture has a pH of TSy d T
foung that the pH of the complete reaction mixture deviates from
the pH of the buffer, Tor instance, when the pH of the bufferp

"a8 8.8, the pi of the mixture was 8.2, when the pH of the buffep
"as 9. the pH of the mixture was 8.7, Furthermore, in the course
P8 the reaction acid is produced, and the pH in the first 3 minutes
MY drop fupther by 0.1 = 0.2 pH units. However, if the finn1 
ﬂﬂncqntrﬂtigh of buffer is about 0.3 M, and the pH of the G&P

no

S0luti{mn s :

1ut1nn 1s pre-adjusted to the same pH of the buffer,
a |
PPreciaple pH changge is observed. Thus, fourteen different

h tions of GEP were prepared, adjusted to the desired pﬁ'ﬂl&hﬁi
Et = T Wk ! 4
“een 5.5 and/ 9.8 by addition of 0.5 M bnﬁiuraufﬂaﬁﬁﬂﬁfhlimig'

Quired, 1 | :
. n order to measurae ?m - ocity. at - .
k AFRICAN DIGITAL HEALTH.REnPoisI ORYI-PROfgljgl q tx !' q;' !‘1@: ﬂl . I

|
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point, the buffer and the G6P solution having the pH were

employed, At each point, the pH was checked immediatei, after
Preparing the complete reaction mixtupe and three minutes

afterwards: in no case was the deviation from the nominal pr

more than 0.05 pH units,

(2) Substrate saturation of enzyme was choecked at the extreme

PH values 5,5 and 9.5 by varying concentration of one substrate
At & time and keeping the other constant, until there was no
thange in the maximal velocity obtained, It was found that in

£Xcess of GGP (12 mM), 958 satupation was reached at 0,33 mM

NADP, In excess of NADP (0.5 mM), 95% saturation was reached at

10 mi4 Gep. These substrate concentrations were therefore used

throughout the whole pH range.

(3) The work done with yeast G6PD has shown that several anions

ACTd A § . L
tlvate and several cations inhibit the enzyme (Mangiarotti

ex . ; ,
=~al., 1965; Mangiarotti & Garrve, 1965), while Tris and Boric acic

W
EI\E fgund To haveée nc Euc-h Effﬂctn In thE light Of thi!l
Trig

~borate buffer was chosen for these experiments and used in

th
€ PH range fyom 7 to 8.5, With this buffer the activity of
th . K . s )
¢ erythrocyte enzyme was the same when the buffer concentration
ﬂs Lo L k- --'\-l
Varied over a 31-fold range (from 8 to zsn'nu'trinannd.#”for J

280
"M borate at a constant pH of 8.1), As for the pH
h.lﬁ“ ?'ﬂ g

» eitric acid was added to the Tris-borate by

- - -

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT
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In order to insure that citrate had no effect ol the

enzyme activity, a portion of a solution of Tris-borate, pH 7.0
was brought to pH 5.5 with citric acid and thea back to pH 7.0
With Tris, The reaction velocity was then measuved in the
remaining portion of the Tris-borate buffer and in the
Tris-borate-citrate buffer both at pH 7.0, and found to be the
Same, Citric acid up 0,0015 M this had no effect on the activity,
For the pH points above 8.5 triethylamine was added to the
Tris-borate buffer and a similar cxperiment was performed in

Order to insure that this base up to 0,025 M had no effect on

enzyme activity, Thus the buffers used were as follows:- -

piH 7,0 - 8.5 Tris-borate, prepared by adding 1M Tris to 0.5 M

borj ¢ acid until the desired pH is obtained,

pH 5.5 - 6.5 Tris-borate-citrate, prepared by adjusting the

PH of a4 Tris-borate solution pH 7.0 with 0.5 M citric acid,

pil 8,8 - 5.5 Tris-borate-triethylamine, prepared by ldjulting
the pH of a Tris-borate solution pH B.5 with 0.2 M triethylamine.

(7) Michielis constants:

The Michaelis-Menten constant (K) is defined as being
“QUivalent to gubstrate concentration at half

i " au
Dixon ¢ Webb, 1964)3 it is a nnuauru of the a:!i;f
Cnzym hi W denved B

® for the substra ‘.}IT;‘WHWWPROJECT F



e initial rate o ~the re rﬂ_.;r- ion is assumed

roportional to the concentration of the enzyme

If re-arranged
_b:

+
“ S

‘".-:1:..[?-..-. _d_.__._.__.'

e

“Qual to ke and this is maximal vll.m:.it? W
| is Saturated with ‘the nuhntnltui S

IN thic respect equation (e) beconss

ﬁ-'._.-* ‘-'.'rri"r"'ﬁ
: e




= nll ! \ £ \ 1
‘

e abscissa at : A =] .

Eﬂ.ﬂh En 1 |'|I N
E}WHE ty E Ll lhls i 1 ] red )

a "
5:a function of pH with respect to GBP only

I.I {I } hc E ; l ‘ E
m

for g :
P were as follows: tnzyme velocity measurements were

Earr".r'.l. - L
1€d out using 0.05 M Iris-Borate buffer, pH 7.8, 0 S mM
NADP ¢4 : Y4
inal concentration with variable concentration of the th
Other

Euhﬁtra
te. In order to determine 1 o
the Em for G6P, the Ieaction

Pate
Was measured at eight dj
a E 1fferent concentratj
rations ranging f
T'om

0015 ¢4 6 mM,

F p ‘
Oor 2dG6P°, the reaction velocity was measured at fo

diff
€rent concentration, ranging from § T0 48 mM

- ' F T

* ®» 7, B, 9 was carried out at 0,33 mM

L AFRICAN DIGITAL HEALTH REPOSITORY PROJECT
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he buffers used were of the same composition with those used
for the maximal velocity (V. .y) Measurements, The Gilford
multiple absorbance recorder (model 2000) with autamatic Llank
compensation was used and was programmed to take reasdings every
15 seconds. This determination of K, for G6P as = function of

Pil was carried out with all the five variants.

(c) 1In the case of NADP, the changes in thes reaction

Velocity as a function of cuncentmtiunfmﬂm found not te reflect

Simple Michaelis kinetics (Luzzatto, 1967). No K, values were

thercfore obtained; the dissociation constants involved are

discussed in chapter V. The reaction mixtures used fop thesge enzyme

Velocity measurements contained 0,05 M Tris-borate buffer (pH 8),

“ mM G6P and variable amounts of NADP between 4 uM in a final volume

Of 0.3 ml, The reaction mixtures were usually prepared in micro

“Uvettes and allowed to equilibrate for about 3 minutes at Doom

temperatupe in the Gilford multiple absorbance recorder. Because

of the very high affinity of the enzyme for the co-enzyme, and

8ince the concentration of NADP was limiting, there must be littie

°F no time lost between addition of enzyme and the recordings,

Reactiong were usually started by adding

the enzyme last; and this
¥ae done

by applying the desired amount of each Enzyme type on a

®ce of plastic sheet (cut to fit loosely in ‘hﬂ-ﬂuvlttﬁjf
8 inserted into the cuvette,

Small pi

HhiEh Wa

The plastic ihq!tzqggéthih
BNty moved up and down thrice

in order to effect ThOrOUgh mixi e
: 80 mixing
" vag then removed quickly. This particulap ltup:;guq

3 care to avoid deve JoRnenSetbubbien inside




‘NADP concentrations,

2 cuvettes at a time were uged.

(d) The same procedure was employed 1: investigating the

&t different NADP concentrations (16 ulf - 48O pM).

The concentration of NADPH varied between 10 pm and 320 uM,

In Carrying out the experiment, at one fixed NADP

concentration,
the effect

of NADPH 10 to 320 pM in final concentrations,

| was
invastigated.

The same step was repeated at anothep fixed NADP

co : i
NCentration, The reactions were carried out with 0 05 M

Tp
iﬁhhc}ratu buffer, pH 6, and U mM G6P. These two reaction
. _ .
Metics experiments were carried cut with A, B, Ijebu-Ode and
I = el o b I'
ta-Bale enzyme variante,

(8) Thermal inacr

ivation profile studies:

In T ] = .- -
, *¢tting for the experiment, ecach eyt Rag et e
.05 was dialysed against
Epr el W phosphate buffer, Pﬁ 6.9, contai o :
2 Aand 2 4y NADP. The |

< x 10-9 B

“%4 for each enzym

finel change of the burfen
- folloping layout of ¢

r Py
¥ L] r
i"l " AFRICAN DIGITAL HEALTH REP
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(A) (B) (c)
Enzyme - 04 ml. 0.4 ml. ﬂi#jni;_
NADP 2 x 10™3y 0.k ml, 3 -
2 x 10™°y - 0.4 ml. 5
2 x 10” "M - - 0. 4iml SR
H,0 e i f
0.8 ml. C.8ml. 0.8 ml. 0.8 nl,
Each mixture (A - D) was distributed in B s;all test tubes; llﬁﬁ
tube holding 0.08 ml. of mixture. For cach series (A - D), each
‘tube, which was well stoppered, was incubated for 7 minutes at
Various temperatures - (25°, 5% hﬂn. 50°, 559, 56°, 59°, 62%) "
indicatud. Exactly after 7 minutes, each tube was immqﬂiat=;y= |

Cooled in ice, Afterwards, reaction velocity measurements were

farried out with 0.05 M Tris-borate buffer pH 7.8, 0,33 mM NADP i‘

"d 4§ mM G6P in final volume of 0.3 ml. This entire procedure was
|

| “@rried out for cach enzyme type.

ffﬂ:t of lphydryl proup rea to:

These reagents specifically react with thicl groups pres

".
[ i

in Proteins and in the case of enzymes, the effect may resulf

feduction op 1oss of enzymatic activity, The implication is that

thio) Boup is preseént at the active Iitp'ﬁrgﬁﬁﬁﬁifgmf‘

were .
gl

SXerty eignificant influence. Red cell GEPD }

\as nct been an
“SPtion uith regardn to the effect of thess reagents.

""estigations wore carnied out with pchloromercunibenseat 3
(PCHB) ang

- : R LT ! T RN e oy A e Al e o2 g
fH-ﬂhth“hmAmg NEM L_j.:‘.}!_,,li.ﬁf orth direct addition of
AR S i e i i i



nzyme. In the direct mnti;nn, rechnic If‘j-ﬁ*:innr p-chiore
| oatn and N-ethylmaleimide were n&ﬁi%

- =
L =

fasurements of reaction pates started ii-udﬁn

'Ju{lr

c e nentratmn used was 0,5 - 3.3 lH for p..ﬂh]_n Ny r.tﬁ_'s';._a_ﬂj;"_-j-'l'-_i.3.
=
id N-ethylmaleimide respectively, By a more rofined technique,

A and A~ G6PD variants were pre-incubated with differer

":I.L

COoncentration of PCMB for 156 minutes. 5ftemr~dﬂ, ﬂﬂallj_

aliquot was withdrawn for assaying, T
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nnmnmx AND CHARACTERIZA murtmv LW GENET:
ARTANTS OF GLUCOSE 6-PHOSPUATE DEHYORO |

"I-.-'.l:'l-

CENASE:
ERASE: ,y

Since the pioneering work of Pauf:i_ug and hamgt

-. J_-.- . -.-‘

Pauling, Itano, Singer & Wells, 19489) on tlie resolut

f2emoglolins A and S by electroplioresis, thia techn ﬂ

ECome a standard method for testing polymorphism of pi'n

“lectrophoresis has lead to the discovery of the great naj

| 1ajority
Of the approximately 00 haenoglobin variants that ﬂmrnﬁﬁ.{_

"1 i »

With the development of the starch gel technique (Eaiﬂl‘iﬁ.,lf.l Ei 2]l
I

&nd of suitable staining methods, electroplioresis has ail,ﬂq.]l “’.‘E“'“L

idnally applicable to the investigation of & number of l-]l g

:Althnuph it is well established that proteins whicl mwi fﬂti-‘ ane

:':Fl' helt

=ﬂﬂctmphumt1c mobility need not be idﬂntim!l J.,n p:*hatﬁr -.-u“

for instance dacmoglobing § and D Eh’;ntmbu, 195?} thqf Ve RE

r'-—h- =1

phoretic

. A

: et f ) “l...l'-' herefc

€locy x
rophoresis represents the single simplest ﬁ‘ﬂ!&ﬂf -5

4
o i

i
“ Not truer proteins which do have different alectrc

“hllity can be assumed to have different sto

E
u'!‘ﬂﬂnlng of a large numbepr of Samplus in Eﬁm

In {lie acmatology Laboratory at ,,L.,.‘. P Yaba
Th Aol

"dﬂﬂ. screening by ataveh nl]. nlmt o vhe oresis for GEFD
h“ been cappied out for qhqut ;*gy - Ovexs

MY g U

mn been processed and 16 sauplas h .'-T-f.._'

an

—

L
eliiagunrn
] S Ry

_l I q - :_"1'_13 - b
zyme: ,..“5,,13 wl...-ﬂ'-.-.-n[ lectrophoretic migra



N T
- - Ii;ﬂ - _ J‘ 'L
e majority of the cases, it was inpossible to petra

figinal donor and in some cases the ﬁm of bloog \

o

? further study was not sufficient or tie enzyme ¢ -'n"_ AN

gy

gnstable. lere a report is submitted on M:MB variants

2.5 L =y

fich were purified and fully characterised, . .

Because of the considerdble number of ¢OPL variants wiich
D8 now described in the litereture, tne Joull -Hﬁiﬁth-ﬁ"' 1lgatics
BOnvened in December 1906, a Study Group which Hﬁi? daked to set
i
Pt ¢

_ta:.n standards for the characterizatioh of uﬂi}lﬂ‘lu urj; NtSe

fhe purpose was twofolu: (1) To enable different investigators

80 compare results by the use of standavdised techiniques. .|
f’n To establish which of the reported vaviants are indeed
ffﬂrﬂnt and which are not. 1t has been deecided to fﬁ,'l;lml ae
®logely as possible the recommendations nuntni,‘ljﬁ;#‘ﬂ.n the ﬁ Tepo

The yegults for the two variants will theveSfope be presented

|lnun1~dinnly in the preaent chapter. The -"-r_zLi'-.n-'_',_-.“f'_-'-‘i'-%i"‘:*,

LI =
vy e
] | !l'l'-r,

Peport a more detailed comparative analysis of t,hk’ ﬁ,.t ley of

the two varicnts and of the three common viriants of GLPD,

At wil1 ve shoun that these two variants are unique, they

Wy L
bt oL W =il M.

Nereatrer ho peferved to by the nanes proposed for th
e reconnondationy of WO - nunely, IjebusOue aid &
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Electrophoretic migration of the GOPD variants on

starch
€L, The gel is stained for e

nzyme activity. The origin
48 at the bottom (not shown) .

Rounted from tWO EBeé

conditions

The above picture was
parate photngrapha.

are deecribed in chapter II.
(2) A (3)

Experimental

Tracks (1) A~
{AE{IEAN DIGITAL {Ihlle}H R&@I@bﬂ‘mﬂﬂ o (5 ) Ita-Bal [ - ™



Elution pattern of GSPD type A
m:l.mn Fartiau}r p}miﬁ.ﬁ
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2. Elution pattern of rsm type A from
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Eﬁﬂy-;ﬁf Purification

- — —

?Lﬁﬁiﬁﬂ - Cellulose Effluent

|| Precipitate with (NH, ),S0, and
ruauapnnded in buffer.

CH - Cellulose Effluent

Praclpltate with (NH, ) ,50, and
resuspended in buffer.

Calcium Phosphate gel

}
|
i column effluent,
|

Precipitate with (NH ) 250, and
| resuspended in buffer.

DEAE - Sephadex Column effluent

Precipitate with (NH g »50,, and
Ind resuspended in buffer

|

— ==

Total
Volume
ml,

4,000
3,500

100
100

20

hotivity Units
:umﬂl&ﬁfml-

0.2
0.2

= .
=
e
L

}
|
e e e e e e ettt e el Tl i - =
T —— i —— I ¥
L g i
-
. I

i - 1

i = Swe . L= G

11

9.2
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TABLE V

~ . BRRGE ORK
\TION OF GEPD VARIANTS USED 1IN PRESENT W

—1
ifi i specific activifies
ig::i;catlnn uEits!mﬂ* nrotein. |
“—!h
LN
9,200 18
g0 - 300 0:10 = 0i5
g0 - 300 0,12 - 0.6
100 0.1
100 0,15
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RESULTS

(8) Electrophoresis: The electrophoretic behaviour of the

0 new va
X

piants is shown in Figure 3. It is seen that with the
] ‘h retic system cmployed the mobility of Ita-vale is
nately 70% of that of U and the mobility of ljevu-Ode is
appre HIMAtely 868 of that of 6. Thus, Loth variants fall in the
gategory of those that are electpophoreticslly slow. Tiese

:ﬁﬁiuﬂn Baltimorc-Austin, Ibadan-Austin, (see Table I),

(b) Activity in fresh haemolysates: Fr?shly prepared

thaemolysates fron the donors of Ijebu-Ude and [ta-dale have an
gctivity of 5.82, 5.54 international unita/g, of haemoplobin
Péspectively, that is within the normal range observed in this
_“Hhtry (6.32 + 0,93 international units/g. of haemoglobin).
f?un, the variants ave not associated with enzyme deficiency.

:?u donors of the vardants did not deémonstratc any clinical or

: .

atolopical abnorpality. The two variants tugrufare hiave to
ﬁq gnqugud among thoue which would not heve buen detected witilout

T!yntcmatlc gereening of numerous blood sauplee,

{(c) Determination ol iichaclis constant for G6P: The values

BB the Michaelis constant for glucose G-phosphate and 2-deoxy

duco, b-phosphate are shown in Tables VI and VII. It i6 seen
8t whereas for Ijebu-0de the values measured lie within the
UBE found with the more common variants, the K, of 1ta-Bale iy

higher., Trom the voint of view of demavcation of the

AFRICAN DIGIT HEALTH REPOSIT
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:l’ *—=» [labale
0~ --0 jebu-Ode
s . 3 5 ' ®
pH

with pH, Activity determineqd {
n tris-glycine- |
buffer, adjusted to desired pH with Hauilyar Hﬂihﬂﬂm“

according to Kirkman Hnnanth
alli:s
8rinson (1964), U--'-f;h Gil!l il cﬂl‘““ 28




| ] -ﬁ’*— l _;i_

riants tﬁ respect to previously described nnfﬁ-fht

-;i:gfﬁﬂyfﬁﬂﬁtﬂ are therefore not useful in the case of

Shuc0de. In the case of lta-Bale, the abnormally high value of

:ﬁﬁ_ﬁhin variant ‘aside from another clectrophoretically slow

*EﬁgtiJ.ndMEly, Ibadan-Austin.

-

1 _ K :
The Michaelis constant for the other

ds due to the peculiar saturation

substrate, NADP, cannot

e determined by standard metho
Kinetics. The pelevant data will be presented separately in
Chapter V.,

(e) Determination of the effect of pil on enzyme activity:

The determination has been carried out according to The

igﬁﬂmmcndatiunu of Wi0. It must be pointed out that by the

1 * .
?Echniqun recommended the CUl'ves obtained arce not rﬂpresentatlvﬂ

of the dependence of Vmﬂx on pil, This will be fully discussed

.{'Chaptar IV. The present data (see Iigure 7) have been

% cluded for puppuugf. - {:umplutunuﬁﬂ in the Ehuracterizatiun of

It is apparent that both variants show slightly

{he prefure o ~
butdis close to the so called”truncaté™ pattern

2ﬁ!.variantﬂ.

i
Plphasic pattern,

Lﬂﬁﬂn for tlie three common variants A, 0 and A  and for several
0f the pare variants, whereas Ijebu-0Ode is fairly similar to what

jhffﬁhan reported for the variants Canton and Mediterranean,

- (d) Time coursc of heat inactivation: The rate of

Wetivation of Ijebu-Ude and Ita-bale wao measured at 37°C and

faPared yith that of the b variant at the sané temperature,

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT
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{LahLif[?ﬁiﬁiﬁally increased thermolability, Ijebu-0de

parkedly increased thermolability. The time at which 50% of
th *i@ﬁ?ifﬁy.wan lost was 85 minutes for B, 72 minutes for
'3Hcﬁfﬁi'nnd 30 minutes for Ijebu-Ode. The time-course of
-Eﬁﬁ?{ﬁitiun of a mixture of Ita-Bale and B was - as expected -
intermediate between those of the two separate enzymes, In the
case of Ijebu-Ode, however, the mixture was less liable than
expected from the results with the two separailé enzymes,
presumably because of protection of Ijebu-Ude by some unknown
;ﬂﬁupity in the ppeparatiun of B, From the point of view of
Wariants identification, these results are not useful as far as
Ita-Bale is concerned, but in the case of Ijebu-Ode, the

dncreased thermolability set this variant apart from another

electrophoretically slow variant - namely, Baltimore-Austin.

D SFBU S5 110N

If the two new variants here described are compared with a
'hb!prehanuiuc table of previously described ones (see Table I),

j&'ippnaru certain that they differ from all of them. Ijebu-Ode

(Figupe 19C), its activity/pH curve (Figure 7) and its behavioup
ﬁljﬁiruapact to sulphydryl group reagents (see chapter VI) are

Very distinctive, although not all of these properties have been

?E}}lriy tested for Baltimore-Austin, Ita-Bale resembles

S48an-Augtin but has normal activity in the cpude lysate, and an

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT

@&al-hlaa Baltimore-Austin in some respects, but its thermostabili
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fﬂ K for glucose 6-phosphate (Table VID,
J.

embling in this respect the Barbieri (llarks, Banks and Cross,

il - B |
~‘ﬁ;3-d“ﬂk1ahnmﬂ, (Kirkman and Riley, 1961) varients (though it

glearly distinct from them by othes cpiteria). For botn

Ijebu- | ' US “igure 10)
BEBUS0dA and Tta-Bale the curves of Vpa, versus pu (Fig

e distinctive.

In the course of an glectrophopetic analysis of naemolysates

4-f.ﬂpprnximately 2,000 unrelated ol subjects, the Ita-bUale

Variant was encounteved only OHCe, Jhile & band having the

le ' 111 " 1jebu-0de wat eprved five tines,
E%ﬂtrnphurﬂtln mobility of Ijebu-Ude wis OLSELVE

Since only one of the five Jias béen fully characterized, it is

k- o e B mie v identical to
ilw knnm ‘JIIEL’I‘IE[' t,!ll‘."." E'Lll".::-.l 'L-'.,.[L LJ.GC'“.L"J- L'I..‘ll_i' .i.-:.-h-’

Ifebu-0de or not. Therclore one can only give uppel estimates for

the gene frequencitfﬂ in the Western Nigerian pu,;uluttlﬂn, and

these are of less than 0.0005 for Ita-bale and between 0,0005 and

iﬂﬁiﬁ for ljebu-0de: both of these¢ are below polvmorphic

cp-luh-lwm}
f quan::?s". 1¢ §8 noteworthy that all the subjects with such
il |
Elec mphnﬂ:ticﬂlly slouw-noving variants of red cell plucose

i

ﬂiﬂunnphqtu dehydrogenate were clinically and haematologically

I
r"?iw:.. ) 1.
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CHAPTER IV
JARAMETERS AS A FUNCTION OF p FOR_FIVE GENETIC

ANTS OF GEPD:
The determination of pH opt

|
'the characterisation of enzymes.
ﬁflﬂtl the two main kinetic parameters of enzymes reactions,

-'ff== v and K, has been done by Dixon & Webb (1958). In

= “max
ﬁﬂfﬁ?idual cases, where careful data on these prelationships have

ible from plots ?max

ima has becn a classical method

A detailed analysis of how

been collected, it has been posSs and K. ‘versus

; tn make an educated guess as 1o which ionizable groups in the

‘113ﬂ£ peaction. The difficulty in this approach stems partly

‘from the paucity of available data in the literature, but even
*-re from the uncertainty in their interpretation. Indeed, it 16

often impossible to know whether.any observed effect of pH bears
-f'-thu jonization of the enzymc, OT of the substrate(s) or

sometimes cven of the product. Moreover, the method of

I . L L]
4lturnining which amino acid(s) in the enzyme 1S or are involved
in the reaction ig-based on the

o break points in the plots of Vo ax

assumption that their pK

‘corresponds t versus pH or K

\Wersus pH respectively. This method therefore depends on the

‘Knowledge of the pK valucs of amino acids within the protein

molecule. Since it is known that pk can be affected markedly

a high degree of uncertainty

BY neighbouring groups, there 16
inherent in the method.
It was considered that some of the difficulties in

¥aluating the functions expressing the dependence of kinetic

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT



VARTATION OF V. WITH pi

v ABL0 /min

max

A B Ijebu-Ode Ita-Bale
0,0015 0.007 0.005 0,003 0.008
0.010 0.019 0.027 0.010 0.027
0,022 0.026 0.053 0.014 0,033
0.030 0,037 0.063 0.023 0,053
0.036 0. 04N 0.070 0,033 0,066
0.041 0.083 0.080 0,034 0.067
0.036 0,045 0.077 0.036 0.067
0,041 0.04b 0.074 0.035 0.065
0.0u42 0.049 0.077 0.038 0.075
0.0u3 0.047 0.080 0.039 0.077
0.0u46 0.05H4 0.086 0.045 0,083
0.0uY 0.056 0,090 0.0u49 0,093
0.0u47 0,062 0.096 0,051 0.110
0.0489 0.060 0.090 0.054 0.112

_—H .

Sue Fig. 10,
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0f pH could be overcome in a situation where

everal enzyme variants, presumably differing only by single
mino acid substitution (see Yoshida, 1967), can be comparatively
exanined.

RE S ULTS

@) Dependance of Vmax °" PH: e experimental findings are

Py

Simmarised in Table VIII and Figure 10. It is secen that for all
variants examined therc is an overall steady increase of “max

With pH over the entire range explored from pH §.3 To 9.5,

However, localized differences are noticed. Thus A, Ijebu=0de

and Ita-Bale have a plateau in the pti ragion between 7.5 and

"F'Pllrh i addit: , : )
.g-_-!, whereas A and BMhave @ "peak ani :rn‘ugth"‘ 12’ E:E-iafﬁfaﬂlﬂ:ﬁh
| praselut ¢ data £m - =

ey e W WOl o ::r; :{.l:,: meAfurement & of e endty of £ te Yy +

Migh d Mg repoe dusi: : :
ighbeyurmg values an 6-Phosphate upon pH: The Michaelis

(b) Dependancc of in for Glucose

each variant were measured a

t each of 5 pH values
Constants for

0T 6.0, 7.0, 8.0 and 9.0, Determinations wWere carried out on
.!'._",.

Lons on variants. One set of
at least two preparations for the comm

data for each variant is shown in Fig. l2(a) - (e). The Eﬂ
un in Table IX and Figure 13,

e¢s at the
y the Km valu

The values
values derived are sho

of le VIII have been divided b
uniu in Table

‘Corresponding pH (see Table %) and the logarithm of the matic i3

Plotted in Figure 14. The data for the A~ variant have been omitted
from Table X and Figures 13, 14 for reasons discussed below.

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT



Py
-"-..'..’r.i
B . =
i
] - =
+ £
s
il ”l’;‘l"
___d-""'-. .--'i.
- "o
el _._..-l"r.
=g - o H 3 4
T o'

.'_'"5 a). Reciprocal plots (Lineweaver & Burk, 193%) of l/v
and 1/G6P for determination of Km' ﬂuffﬁr__":l_l_llﬂ '.!
was Tris-boric acid - triethylamine, pH 7.8. |

The reaction mixture contained 0.33 mM NADP (rﬁnll :

| cang '.Aﬁﬂ ) and *’Qgilhlu amounts of G6P, Ty
Top . IGI ="' - '-I' 4 10 thea .
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. 8(c), Same legend as in Fig, B(a).
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jla), Reciprocal plots of velocity and EdGEF'mndﬁhfﬂti'ﬁﬁﬁé
in the detuminntinn uf K . The ructinn n:httun
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pH

I't 10, Vn:lltinn of Vimax “"'lth pH for G6PD nrtmt
N & substrate concentrations einployed see ﬂhuptur-_ 1;

AT B »— la-Bale- o o Lobu-Ode, oo
g pn rltlun of each of tho last twa VAriants was :‘%’Jf’r%i; Y
js wn ‘carriod out twice, For other ﬂrinuhﬁr _'.jj‘.-" b
-:

" ":“ **‘“5&5@%53&%3!&!&&%&”- aration whteha
= ':‘.I iy Pyt



IT. 0.32 x 10°'M

I. 0.26 x 10°'M

II- O.% x 10 'M

II. 0.48 % 107'M

Ijebu-0de 0.6 x.107'M
Ita-Bale 0.9 x10°'M

I — ——

Two different preparations of A, A” and B G6PD variants
were used for assays, Each assay was carried out twice

and differences in value were not more than 10%.

See Figs. 8 (a), (b), (c).
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Variation of log V_.. with pH. Data from the
same experiments of Fig, I|p.
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(a) Reciprocal plots (Lineweaver & Burk, 1934) of
velocity and G6F concentrations for the determination

of Km as a function of pH. The reaction mixture contained
0.33 mM NADP (final concentration) and variable amount

of G6P. The pll of the GEP was adjusted to apPPropriate
buffer pil value before being added to peaction mixtura.
The buffers werc as follows: pi 5, 6: Tria-bnrinnnitpﬁtu-
pi 7,8: Tris-boric acid pl 9 Tpis-boric acid - :

tri C th y 1 um inu . Aﬁ\ﬁ:& DGIT&%;M&IT&"ROJECT



R 12(b). Same legend as in Fig. 12(a). G6PD vuﬁnt AT,
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'_-"'Fi-f'ib Same legend as for l'ig. 12(a). GC6PD v
1jebu-0Ode. :
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2 12(e). Same legend as for Fig. J.ltu) A
T I‘l:ﬁ-mﬁ-
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TABLE IX
DETERMINED AS A FUNCTION OF pi.
K x 10°°"M at pH
6 7 g 9
0,28 0,20 0.8 0.8 i
(0.19) (0.15) (0.48) (O.8) (2.1)
0.1 0.11 0.13 0.8 2.0
0.55 0.380 0.40 0.9 1.3
( .39) ¢..70 ¢ .a7) 2 (1%0) (1.35)
y 0.25 0.50 0.34 y Lt | 1.4
'
T A 0.14 0.62 0,35 0.4 0.45
i 0.180 0.62 2.5 1.5 3.1 |
: - 0,2 0.24 3.3 5 y
1
0.8 0.25 0.3 O.45 2
I'Ijnbu1ﬂde 0.22 0.2 0.53 0.47 1.0
Itﬂ-ﬂalﬂ ﬂ-lﬂ' 1*1 l+'[1' l.ﬂ 215

See Fig. 12 (a), (b), (c), (d), (e). Different
preparations of A, A and O GBPD variants were used for assays,
Each assay was carried out twice and differences in value were

o T

not more than 108, The average values for types B and A are ip
Parentheses and these values were used subseguently in all
calculations. In the case of A~ the last two lines refer to
Values obtained with the same preparation at two different
Stages of purification :ﬂ.l units/mg, and O,M units/mg
ply). For all the GOPD werionts, Fi 2(a)

:T:;f‘r e Ir:f;-.l,. C o K, '..I'-‘ . ,-‘t-“ : ."f"";]'{‘,-. =

- «* iy e
AFRICAN DIGITAL .HEALTH REPOSITORY PROJECT ) — N
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Plot of log K for G6P versus pill. Data from the
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TABLE X

VALUES AT DIFFERENT pH FOR ALL THE VARIANTS

m
Variants pH I
5 6 7 b 9 ]
0.85 1.6 7.9 9.6 4.9
q By 1.74 12.5 | 25 5
i r e
l-.- - ""‘" |
| Liebu-0de | 3.8 22.5 35.8 6.9 Leges ol
1 ! . ".l:.f U
IItn--B:ﬂlE lr? liEl 1.“‘ 2 1-3 "\ ] N
-
See .sf"ig. 14, umax was calculated from the ordinate int iﬂpt d
v : 3 b 1 e
: A -
!!! ! in the plot of ¢ YSEEUS TG67Y (See Fig. -n('?1
4 5

-

£
I
[ 4
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f Log v versus pi, Data from the experis
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TABLE XI

PK VALUES OF SOME GROUPS PRESENT IN PROTEINS

Group pK (259)
Carboxyl (@) 3.0 - 3.2 |
Carboxyl taﬂpartyll 3.0 = 4,7 |
Carboxyl (glutamyl) ca 4.4
!fPhhnnli: hydroxyl (tryrosine) 9.8 - 10.4
. Sulphydryl 8.3 - B.6
|| Imidazolium (histidine) §.6 = 7,0
| Ammonium (&) 7.6 - 8.4
Ammonium (o , cystine) 6.5 = B.5
" | Ammonium (€ , lysine) 9.4% - 10,6
Guanidinium (arginine) 11.6 = 12.6

The data in the table are taken from Proteins, Amino
Acids and Peptides: Edit, COHN E.J. and EDSALL, J.T.
P. 445 (New York, Reinhold Publishing Corp, 1943),
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The most thorough approach to an interpretation of the
1 of pH on kinetic parameters of enzymes has been done by
Dixon (1953), By referring to a model which takes into account
ﬁﬁ;iinnizatinn of groups on the free enzyme, as well as on the
inzyme-substrate complex, this author was able to derive general
riles on how the break-points and "waves" in the plots of kinetic

parameters versus pH can be used in an attempt to determine which

particular amino acid is involved. The most informative is the
plot of log Km versus pH. In such a plot, according to the model
proposed by Dixon, downward bends correspond to the pK of ionizable
‘)groups in the free enzyme or the free substrate, Upwards bends
‘correspond to the pK of groups in the enzyme-substrate complex,
1*@‘“ twe such bends (cne upwards and one downwards) are very near
each other, producing a4 "wave" in the graph, one possible
ihttrpratﬁtinn is that both bends are due to the presence of the
Same group, the difference between them representing the change
in pK of the ionizable group associated with the formation of the
'; zyme-substrate complex. According to Dixon's model, all pK's
groups involved should be evident on the plot of log Ky versus
1 + On the other hand, plots cf log Um“ versus pH might show

Jﬁjjiipnly in correspondence to the pK of groups that are ionizable

&Y —

i 8hould show bends only in correspondence to the pK of groups

 are ionizable in either the free enzyme or the free SubStrape.

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT
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Soldin £ Balinsky (1966; 1968) have made a systematic

:w;;gﬁﬁl;guﬂa these rules in the case of hundn erythrocyte CGoPD,
e | ;

2ase made more complex by the presence of two substrates, GGP
IdNADP.  The plot of log K “°F versus pil (compare Fig. 13 of

. : :
present work) yielded pK values of 6.2 and 9.0, and the plot of

NADP

J!ﬁ!h versus pi yielded pK values of 6.7 and 9,1. These were

f8Ken to indicate the presence of an imidazole and a sulpnydryl
gOOUPE near the active center (Soldin & Balinsky, 1966), The plots
:EEWﬁg vmax versus pi (compare Fig. 1l of present work) gave a pK
Bround 6.6, which was taken to indicate the presence of an

]H ‘'0tonated imidazole group in the ternary complex enzyme-NADP-

. 1 1
FD, The plots of log umaxzﬁa‘ log Umaxfﬂh' and log Kﬂ versus

im;iul Florini & Vestling, 1957 for definition of symbols) yielded
pvalues of 7.0 and 9,0, 6.8 and 8.7, 6.3 and 9.5 respectively

'ﬁﬁiiin £ Balinsky, 1968). The pK values between 5 and 7 were

T hutud to the involvement in substrate(s) binding of either

fhfﬁf Eiphlte groupls) in the free substrate(s) or an imidazole
p in the free enzymc, The ph values around 9 were taken to
T.¥§# presence of unionized sulphydryl group in the free
Jéfﬁf eipating in substrate(s) binding,
:-..f_' presented here agreed largely, but not entirely,
.1E1ﬂ§¥ﬂ;nwi'ﬂﬁliﬂlky (1966, 1968), The differences in
'ffhiﬂiiﬂily due to the following differences in the

jesign. (1) The buffers cmployed., Soldin ¢ Balinsky
 whAel dogenbiot dbdmsobrodinorce 0 LU reaction,



=i

- .'Iﬂ
L

211 as ammediol, glycine and maleate which probably do not
ect the reaction, but also HCL and NaOH, which certainly do
"ﬂ:haﬂ-.-ﬂnctinn (see Chapter II). In this work, the buffer
smponents used (Tris, borate, citrate, triethylamine) were all
Bhown to have no effect on the G6PD reaction. (2) The homogeneity
_--..!'-' enzyme. Soldin & Balinsky carried out their work on

preparations obtained from pooled "normal" blcod. On the basis

3f the distribution of variants in their population, this must

glave consisted of a mixture of at least two variants, namely A
HE'B. The assumption that these have identical kinetics, has

been found here not to be uniformly valwd (see Fig. 13).

@Qj ermore, it should be remembered that the rules for deriving
Which ionizable groups are involved in the enzyme reaction must
".'.\iery cautionsly applied to individual cases (Dixon & Webb, 1964),
iijin well known that the pK of individual groups can be

fi&éidgplhly affected by the presence of neighbouring groups within

-':-u. L g
1L

the protein. Edsall (1943) has given figures for the usual pK

ganpge of ionizable groups found in proteins, and these will be
e dis cussiond
geierred to in the following) (see Table XI). Because of these

Micertaintics, it is not intended here to concentrate primarily

'Jninhx:'rnupg are suggested by the data presented for the normal

H&yme, type B, Rather, a comparative approach might be more
:jTiL;;:;‘_ Attention is to be focusscd on how mutational changes

: ,f ﬁ;@l‘lﬂ'ﬂﬂ"r enzyme type have affected the shape of the
en, ":"-'.m'ﬂ"-““ is that whatever changes in the PK's of
f34ual groups are brought about by the presence of

ring groups, will be the same
‘& BRI “P'; N A}RICAN DIGITAL HEALTH REPOSITORSE’E;JE}:“IIY Ii"il'lr fﬂl‘ .'1'1’
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riants examined. Further, no difference can be attributed

the free substrates, since these are always the same. Thus,

any difference observed must be specifically related to the
)

mino acid substitution that has taken place in an individual
-Iiﬁfﬁt} Another advantage of comparing the five variants is
;3;£i as mentioned before, the downward bends in the log Km versus
Pi plots are taken to indicate the pK of groups present either in
the free enzyme or in the frec substrate. When we compare
individual variants any difference obscrved clearly cannot be
Attributed to the free substrate which is the same for all, and
therefore must be due to the free enzyme. The reverse situation

iﬁﬂ: enzyme and several substrates) has been exploited by Dixon§ Webt

iﬁﬁhq] in the study of the effect of pH on K_ in the case of

arylsulphatasc.
In brief, inspection of Figures 11, 13, 1% brings out the

#0llowing points:-
(1) Comparison betwecn A and B: In the plot of log l,{m

versus pH, A lacks the upward bend at pH 6.3 and the
downward bend at pH 6.7. These differences are
consistent with the absence from this enzyme of a

L]

ijonizable group with 2 pK around 6.4. The most likely

randidate for such a group is the imnidazolium of
h!-_ltidiﬂﬂ .

A remarkable change
r'_... from the plot of log Hm varsus pH of

3 the absence
Ijebu-0de of the "wave" arcund pH 7,7 found in the plot

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT
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for the B enzyme, This is consistent with the
q;t;_arg.d shape of the curve of log Vnax vVersus pH,
The most likely altered group in this case would be a
cysteine residue near the active centre in enzyme B,
absent in Ijebu-Ode. It is interesting to note lthit

the same inference has been drawn quite independently

by the study of some inhibitors (see Chapter 6),

Comparison between Ita-Bale and B: In this case one

notices that the upward bends found in B at a pH of
about 6.6 is shifted to pH of about 5.7. In this case,
the shift from pl 6.6 to 5.7 might be interpreted in
terms of the group invelved still being imidazolium, but

with a change in pK due to some neighbouring group.

The variability of the resultc of K for G6P with different

Preparations of A~ (see Table 1X) and with the extent of

Purification can not be ecasily explained. One possible reason

13 that the rate of intracellular degradation of A is faster

than that of A (Yoshida, 1967). In consequence, the amount of

es with the 28€ of the red

¢ catalytically actiye but can still

- cell. The
'.Tiﬂlm:ivntad A  increas

inactivated enzyme may not b
[f this 18 80, 1
he available substrate., Thus, a faulty un

nd th bstrat ¢t would compete with the
And the substrate.

8ctive fraction for t
val. might be obtained. 1£, in the process of purification,

bt of the inactive molety is

reduced, the apparent

nity of the active 4o of the enzyme for the substrate will
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2y the greatep the purification,
:Ghﬁﬁ-ufaubatrate.

ults in Table IX.

| 1“5
the lower the Km

This hypothesis is consistent with the

At any rate, it is clearp that, because of the

.ra lity in the results obtained, the true dependence of K on

'I

8 this variant cannot be established with certainty at the

'.""‘-':""" It time. The way and manner by which the in vivo red cells

I8 1id of the inactivated enzyme is not known.

BIn Summary, the analysis of the pH-dependence of kinetic

_#'Eters has exhibited reactivity differences among variants which
Te the direct expression of structural modifications. It is well
Known from the example of haemoglobins that such reactivity

differences may occur even when the structural change is not very

$408¢ to the ligand binding site (sce Anusiem, Bcetlestone & Irvine

‘EE Beetlestone & Irvine, 13964; 1968), especially if the amino

@Cid substitutions involve differences in electrostatic charge,

‘urther, any attempt
fierefore, it is probably unsafe, to carry ahy i y Any p

| : 1 ffe 26 the
o inf&r, from such reactivity differences, the nature of th

:i:tl‘uctural differences. It 18 possible that more information could
Tt e - u ™

‘ - ¥ : these
Ia‘”“htlinEd by the study of temperature effects on By, effects

' indi ke X it
WOuld be related to the A H of substrate binding, like K itself

A G of qubstrate binding.
arce urgently needed at this

? Howover, it is
is related to the

. . O
Ar that data on primary STTUGRHE

il. the limiting factors being = for the rarc variantis -

abilit f material and difficulties of gufficiently
y O

! I‘ ’w L f 1 H t in n . AFRICAN DIGITAL HEALTH REPOSITORY PROJECT
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CHAPTER v

.
IBTIC ANALYSIS OF Tiig 1nyps =
ITH MADP AND HADPI: SCED VAMAITS

o :
,) Reaction rate zs a function of WADP concentration: It nas

1L+ Previously found with erythrocyte G6PD type A that the

saturation function for NADP is signoid shaped and that it does no

gollow sinple Michaelis-Menten kinetics (Luzzatto, 1967). The
EUELYS1S has now been extended to the otler G6PD variants and
BIEPesult are shown in Table XII and dn FipureslS (a) and (c).

~ A _
itriking differences were observed among different variants,

¥S, whereas the saturation curves for B and Ita-sale are quite

Sinilar to those previously reported for A, the curves for A and

Liebu-~0de are quite different and appearn to Le near-hyperbolic,

The sigmoid shape of the curves lias buen previously

inturpreteu ag being. thie expression ol the existence ol multiple

hiﬂding sites for NADP and of the transition of the enzyme from

q8tate of low ffinity lor HADP to 2 state of high affimity for

HADP ,¢ the conecntration of the lattel is increased. A sinple

Rodel wag présented which makes it possible, from the analysis

WO Jigsociation constantes

Of the gurves. to calculate the

yinding of NADP in the state of

tk’ll Hs?} which refer to tho oy
loy affinity and high af finity reopectively (Luzzatio, 1967},

the Bame treatment of the data has been carried out for the four
: catm

“Hiﬁilntn {1lustrated haro, and it hao again been found that the
Ny

' { the two
%Ntieul nuturntiunﬂﬁiﬁlwﬂmﬂﬁﬁi‘oﬂﬂmﬁpﬂ the use of



5
- = 1 1 i
| —
- | ,
~ G6PD
ft-ﬂhriants :
o [
i '——-—‘-—-
B ( . F

C

Ijebu-0Ode C

Ita-Bale C
| o —+

see Iig

concentration) glucose-b-phosphate, NADP as indicated
in the abscigsa, The plots of the reaction Velocitieg
wére normalised to Vi The theoretical plots were
obtained as indicated in the text. The above plots

_——
xe for variants B and A™, Ste Table X
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TABLE XIT
SATURATION FUNCTION OF G6PD VARIANTS wITH NADE

oee Figs, 15 (a),

(b).

Reaction rates

ave expressed

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT

+ -— - T
| (NADPJuM
: 167 $12 10 8 6
Variants 160 48 24 20 16
B o.06 |o.os6| 0.051| 0.035| 0.032( 0.020 0.015| 0.0127| 0.009 | 0.006 | 0.003
4 -t -+ ——1
A 0.0s4 |0.053| 0.053| 0.048 | 0.048/| 0043 o.os8| .036 | .030| .025
L -
Ijebu~-0Ode 0.038 |0.035 | 0.033| 0,03 0,029 | 0.027 0,018 | 0,015 {0,013 | 0.008
—+— —— S L—

1 \ - 15 |0.01 |0.003 | 0.0025]0.002
[ta-Bale 0.062s lo.oss | 0.0s | 0-033 | 0,02 0.019 | 0.0

in A A3,0/Min.



“XPERIMENTAL PLOTS THEORETICAL PLOTS
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Saturation function of red cell gluccse-6-phosphate
dehydrogenasc with respect to NADP, The reaction
mixture contained 0.05M (final concentration)
Tris-boric acid buffer (pt 8.0) 4 mM (final
concentration) glucose-b-phosphate, NADP as indicated
4n the abscissa, The plots of the reaction velocities
were normalised to V ... The theoretical plots were
obtained as indicated in the text. The above plots
e for varhsyeageamdsiirodee  Table XL !i
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THEORETICAL PLOTS

-
— EBUODE
s [TABALE
O 320 480
LNADP T U

EXPERIMENTAL PLOTS

-"—‘-‘_‘_’-‘

Legend see Fig,

15(a).. Variants Ijebu-0d
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TABLE XIII
I
Bl
KINETIC PARAMETERS OF INTERACTION BETWEEN C6PD AND NADP
i MM
*G‘EPD KE Kﬂ. n |
| Variants 1 2
| AT 23 1.3 1.78
B 21 12 1,58
Ijebu-0de 22 3 1.40 h
'
Ita-Bale 170 2,7 2
The two dissociation constants K K. were
AVT

calculated as done by Luzzatto (1967). The n,
interaction coefficient values, are from the

Hill plots of Fig, 16,
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. | |
Rgys | 39 A4Pe Superimposable to the experimental
{€ompare the two portions of Figures 1§ (a) and (&),
-?fisﬁili*u gquation represents a convenient measure of

.'-".: i
J=1iT N
o

ni ,ﬁ;htﬂrmtiﬁns, in the binding of a ligand to a protein
;i-i-’_! Changeux & Jacol, 1963). The values obtained from
ots ;bpi‘_fnln'g VI (Voo = V) apoinst log BADP (Fip. 16) hava been
saleulated, These values, along with those of the dissociation

MStants Ksl and KEE are shown in Table XITII.

{b) Reacticn rate as a function/of HADPH concentration:

fad already been observed to behave as an innibitor of
'ﬂﬁh, in both yeast and red cell enzyme. The inhibition was
onsidered to Le of the competitive type (Glaser & Brown, 1955;
'Eﬁﬂﬂ ¢ Langdon, 1803(b)) which 18 not surprising considering

e wvery clogse structural relavionsliip betueen NADP and HADPIl.
E:'vcr, more detailed dnalysis of this inhibition has shown that
e kinetics is more comples (Luzzatto, 1967). It hac thercfore
B8N decided to investigate this matter in full in the other
Boiants, The only reliable way of doing this wag to STtucy the
ihitinn an & functich of the concentrations of both HADPR and

.n‘.""* Thuz, a family ol curves hac been cbtained (gee Flgure

o .
'{_ ,, £b) and (c)) cxpressing the extent of aphibition as a

of BADPH concontration in the pregence of differant

BHTS Of HADP., It ic ceen at a glance that these curves ave
Bonaistent with any simple type of inaibition, whether

Or non-coppetitive or uncompetitive(ses dixon & Webb,

SLL 0DV edoa€biGma sedum rebosirory mreeert ), (o) ane (o))



= [
TABLE XIV

INTERACTION OF GG6PD VARIANTS WITH NADPH

o —

-

This experiment could not unfortunately be carried out with the
ta-Bale variant due to lack of sufficient enzyme.

G6PD 1
Variants NADP phl ElﬁDFHJ bl
0 10 20 40 80 160 320
¥ _l._ + -—
e 480 0.056 | 0.064 | 0.064 |O.064 | 0.059 0.054 | 0.054
160 0.056 | 0.054 | 0.054 |o0.054 | o0.0525 | 0.0525 | 0.041
48 0.041 | 0,036 | 0,03 0,03 0.03 0.03 0.026
16 0.019 | 0.015 | 0.013 |0.0105)} 0.0088 | 0.0075 D.UD?EI
l AT 480 0.06 0.06 0.06 0.06 0.64 0.057 Iu.us?
160 0.06 0.059. | 0.057 |o0.056 | 0.051 0.050 n.ﬂuzal
4B 0.042 | O.042 | O.0443 | 0.0387 | 0.038 0.0331 | 0.025
16 0.023 0.021 | 0,021 |0.,021 | 0,015 0.015 | 0.01% |
r T
| Ijebu-0de 480 0.038. | 0.41 0,035 |0.034 | 0.033 0.033 | 0.029
160 0.035 | 0.036 | 0.0325 |0.0325 ] 0.031 0.024% | 0,022
| 48 0.0325] 0.0275| 0.024 |0.022 |0.022 | 0.022 | 0.022
| 16 |0.027 | 0.029 | 0.023 |o0.023 |o0.0175 | 0.0175 [u.mu
I__- | - L
Reaction rates are expressed in JA340/Min.




- 92 -

B
A« 480 UM [NAL |
% Be.lbo ., ;
e C-48 . .
. D= |& . "
| T o
-Il-——-——'._._______ = —
— l u
& e Cﬁ_\
- AL <
Jll Bt -
i :
e )
0 20 =
40 &0 80O 120 180 240 220
(INADPH] UM

Interaction of glucose-6-phosphate

NADPH. Experimental nnnditiuﬁﬁ as ?::?gigfu?;f:}“ith
“oncentration of NADPH as indicated on abseissa and
concentration of NADP as indicated on the data.

Plot of the reaction velocity (y) normalised to the
velocity of the uninhibited reaction (Vo). See Tolde X
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A-

480 UM [NADP]
160 .

48 , =

OO0
L]

[NADPH] UM

» Same legend as in Fig. 17(a),
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JEBU-ODE
A - [MapP] 480 UM
B~ 160 »
€ - [ ] 48 "
ﬂ - ] Iﬂ L]
.

= &

¥ L L L :g 4 — T
0 20 40 &0 60 240 320 l
[NADPH] UM

/. r‘:, ,1_ F!“l 1“ nﬂM\I DE#AL IE&EEEPO%T?)R{YE{(!JE%T



n

‘ —
art the data of Figs. 17(a), (b), (e) ﬁnﬁl
Ir;mt:.{ng to Dixon and Webb {uEu) uﬂé‘i v is

ty and s.is the concentration, -nf ol
uﬁi zﬂuu #a:ainud are in Table XV m
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IJEBU-ODE - w
o ——o NONE - LW 3 i:'
160 M . *
b 320UM o
w ¥ "
f
L S —
H_\.

A o

Be. . € g L. n . ST '1_.'.‘
f8e logend as Fig, 10(a),
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——a 160 UM 20 A
——a 320UM : .
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Y
S
N
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e oge . 18(a),
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INHIBITION CONSTANTS FOR INTERACTION BETWEEN
GEPD VARIANTS AND NADPH

Hi HM
at 160 uM 320 uM NADPH e
s - =
| U5 uos
553 260
' Tiebu-0de 98. 3 58 (R
- L = -

B The concentration of the subatrate, NADF, varied
between 16 and 48O i while the concentrations of the
..,'i.fur, NADPH, employed are 160 and 320 upM, hence
WO Values of K.

,—
—
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a competitive nnnpnnent exists, but is

wars LR

'”‘zpffiaturun uliieh will be discussed selow. From

.-. e—

v ﬂ*f s it is possible to calculate values of Kj.

-.qupne-nra in turn depondent on the cunLcentration of

&Q!ﬂ#fbr&, more than one valuc of K3 is obtainecd tor each

it and some arc tabulated {i ‘Table XVi

pI1sCcussiUHn

tn) Interaction betweon GbPD and NADE ihe data prﬂsuntud

¢ affinity of red ccell

iFigure 15 clearly indicate that th

forr AALP 26 2 function of the

-

Weose-6-phosphate dehydrofenase
in consonance with

Bnegntration ol NADF, is resuld will ba-3

iy assumption that the enmymd bears

more than one binding sitos

the farst molecule af NADF

for this substrat

il

29 A-D_P' and that the hinding
AR B e
IEeases the affinity ol one or roru other SiTES

il.1._._.
] _?:Uhlﬂ-hﬂndad gubstrate saturatiosl
yg ), are repiniscent ol the

{unctaion kinetlics of b and

“fﬂﬁle. 1ike that of A(LuUmzatto,

AN dissociation QuUEve Ol Luziyia;lu;i\ﬂleUifl {;ialdmu te Fr-"-“:'-‘tlllf:
lékl_;nu of the affinmty ol \Lpartate transcarbanylﬁﬁﬂ ior
l;l‘:l":'-‘-‘ Wt {E:r]lm-hjt L i'l 11 adec ltiba}' Tho :,J.]_[]'.lﬂld CUI‘“I#E ﬂhtﬂll‘ud
| gub-units and these

(ADP. The enzym

l mrk Sugyes E +hat GuL D 18 made ol

tﬂ underpo {lexiblo *nt‘.uactian on binding

f..

I:L.h' as a whole underpgoes a cnnfﬂrnmtiﬂnal change and causet
v _ |
-II;L"' AGe iﬂ the -.."I.a.IlII-l t}' for the EUthI‘ﬂtﬂ. Thiﬂ pﬂ'ﬂﬁlblﬂ

| owerful and cunuincing model

15 consistent with the P
9f%) for alloste

aspumptions of a

ric and co=-operative

”ﬁaﬁﬂymun & Changeux (1
i, i '-; regulatory < Ilﬁmmhﬂﬂﬁgm%%w IFR(I)}EET



) prin _nh‘fﬁ?‘ ", 1t ic however, impossible on the basis
~W$ﬁfﬁ¥ﬁhﬁi to distinguish between puch a model and cne
i co-operation betueen two substrate mcleculss depnndhiliﬁr

nee, on their interaction at overlapping binaing siteu,

Ut a conformmational change in the enzyme.

The shape of tne (ADI' saturation curves for A and Ijebu-Ude
i ' ]

*;?: ply diff{crent from tuoge of the othel variants and appesrs

BATEt sight to follow classicsl Hicnaelig-ienten Kinetica.

Wevar. tlic data in Table XI11 indicgte, taat there 1s still in
'*ﬁ transition from low to high affinity for owALE, wheh the

_ﬂiltrﬂtinn of the latter iuo Increased: The kinetics obtained

. AL = u) ,
BACECes that this transition OCCULS ali

-
\ . , 3 15 1 . be
gigentration, with the vresult thatl 6l gnoidal curves cannot

¢ of the differences might Lg

cady at vepry low HADF

saned, ‘The possibilitysthat Soe

RO Tt facts arisinB dEPing supi fication cannot howeven be
1 l nzymes mipght

HAetely oxcluded. 1t ig conc oivable that Tho enayl L

™ .~ néndinp 3ites for
EERDREN modificd With respeet 1O certain binding S

* Sl

. - nio apparent sub-
i d that as-a pesult the

anzyne displays

= terac r This
it 1, . . _ DJLA }; Lt;cﬁ.
i * tion :n t..]l.l.. 1 01%), ‘Lf -..Il.nn.I:,rj |
'%F“'ty 3 view of the {act that ceértain cnzymes,
is considered in Vathw
t, 1 {1 NalIgCs
a in : ijed LY C 4
'”hf~-' function, cid De modif

i environmental

wards the
T’i which untalil an 1ncpgﬂ5‘d Jlilnlt} to

E?Hﬁﬁﬂrhart b Papdes, 1963).
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”fifﬁTfi” that Kirkman & lendrickson (1952) and

i -q-'l

rkn (1862) have independently veported that the

;_ of urythrocyte glucose-6-phosplhete dehydrogenase it
?5]ﬁlty pradients is affected by the LaDP concentration.,
*:H of the enzyme naving lower anu higher sedinentation rated
gfvolved in a monomuer—dinmer equilibriuss op auy reprosunt
Snvartible conformntional forms without difference in their
O aggregation. In either case, one could supgpest that the
{.in sedinentation behaviouy induced by HAD also corresponds

transition from lower te high affinity for HADP, obuerved

BlgSe studics,

fh’ Interaction between GOPD and SADFIS The action ol KANPH

ire 17 (a), (b)) and (c)) on xhe activity ©f various enzyme
gs l'.‘my L j-'-'”-'?!h]"l“ﬁl.-.." AL l‘-'..-'LIltl”l'. I'rom Tl {:ﬂlﬂuiﬂﬂtiﬂlﬂ of

i rf“ﬂth .

|I|. * - A N 1 3
BRhere ir onhancement/of the aftinity lor hARE &L ~OW

e ; 0 This 0 1 |
Btrations of NADPH (Luszatto, 19672 . This Tesults 3a an

I-I;' . ¥ - g gt - i i ]. 1ir': Ll"'ul""lr rd .I-'Dr
& 1- actlu_':t l.'::"jl. !t.. _I_|:|"||,_. L‘:,J!I_L:l-llt:l'-:- 'L-l_‘__H...J L I & ‘IJH‘I-'. ﬂ . L

.gﬁnriantf‘ ations o1 ALK,

-11-1. I\LILII:1IA _.|.IL .-.-l. f'-—.-l“']t‘ L"""'I “-‘-I‘Iitr

[ . ‘ADPI con ration, partiall
Bhore is inhipitior WADPit concentration, partially

F*,
titiy in

N h.i-ﬂh"r

naturc L8ea Fipure l;}}, which 15 mord marked the
L e & ] 4

- A . A - Pati
P the OBncentration of HﬁDT‘. and uliichais {:Iht!‘rtCtEI"lutlE fop

BN ant A~ Leing the most resistant anonp those tested,

BEEed coiplex Kinotics of the NADPIL efiect a) be rationaliseg

$40is of qomno pui:t.ulutiﬂnﬁ-
BEDe the o(fact of STIBPH=fgpenyral and

First an attempt will D¢ madw

then the distinot
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sxhibited by the different enzyme variants will be

288 suppestad that NADPI can interact with two Jiffevent

B sites in the OGPD molecule. Une kind of site is the

1_ binds the substrate, VADP. At these sites NADPH can

L{jﬁhh? 1o all intents and purpotes, except of course as a

”ﬁath* When the NMADP concentration is in tlhie range where

NaS low affinity for it, HADPIY will therelore felp the

BEItion to the state of high affinity, and can if guch

ERstances show an activating ell¢ot, as was describdd for

o e t.'fPE I {LLI.:'.'.n'-.'tuj -"-“-v- When tho HALP concentration is

rh i o : ¥ 5 ir
:IE r‘ﬂnﬂf.' '-u”ll_"ll'l.' :IHII'I! 'L!"'-_'r.i.J.}’ (14l L “-'-.i__'il- hlln.i-l-tltf fUI tll tt

5 ADD=Dit ite, and will
EREAte . LADPH will competeston the WADPP=banding siate, an -

e 3 . e o - a - tums - thn
“& . y AdiIt "ATI L::I'.H,! 1‘.I.t. diffﬂr'ﬂ"t
F I HP len"! ‘ Il!‘ fJ i II-.'l-\.‘I'I ill :I,.t.uI‘U t‘-..ﬁ-.-l’ "‘f-ﬂ‘-ll I' {'d* -

b i . i
- . e S ormation of
B Under these conditions 1t can CHSABE the cond

. . .- = -_\.":1 . 'n hu
BSNZvne in a4 favotrable sensc ynd activatioi s i1l agai

o fant snd Ijebu-0de at
& “d- T]fl,i‘ f-;.r ‘I:irlﬂnlf'- 3 aAnc 4j«

-:J.,' l»!s,‘l’ :.':.HH..LJ
' v TV and Figure Y73
11 S ."u.t-:J;L' _."Lkr AN :lfu:

e ntrﬂtiﬂn! "J: ~'*'l|._. + Lo Vi 11‘_.::' LIS {J

asc of other enzymcs,

38 : + 47n tug€ C

TR examples have been (uscribaedc 44 &

. ~1nliocphate (ATP) on
1" t!‘ﬂ uer » vating 1 ,"1{:1‘- 1"11- Jﬂcrlﬂhlnt‘ l- lij:l'u'

1963) and of valine

L
8 ot

| iate transcarbanylase
thy : . arc
EEEONine deaminase (Changeu, 1963) £4n
-y g ptance 4C I <t
e o ' \ sipility ol the Sdiie oub

e, even thoe pocsld

" wy el 3
(Corhart & Pardec,
similapr cxamplus,

- in the
Ot iy, . HAVO weedent in
> ‘:f' tur and. ag an inllibitﬂr JUCS nave d 1."-
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eate on aspartate transcarbamylase (Gevhart & Pardes,
 different kinds of sites at which HADPU can bind

-qﬂlé@ily be called allosteric (Momod et al. 19830,

-

i
pechanism envisaped for the complex role of JADPH may

ﬂﬁ@{lﬂ more fully as folilown. Jlhe slope of the substrate
Elkiﬂn functions in the form of Hill's plots (Tigure 16) in
n _."H value of n is approximately & ioi ¢€aeh variant,

B XII1), points to the existence of ot loast WO sub=units

BED (Yoshida (1966) suggested the existence ol Six gub-units)).

BAta in this work indicate that the gub-units in GGED intaract

' - 11v almost ddenti IADP
Bongly, NADPH, which is structul 111y almost identical to HADP,

b he s i B3 ,akens the sub=unit
H1L$nd at the substrate-binding site but wizaken

. * 1 |.-. 3 P L L b
Beractions, Tho proups in the active site become favourably

mnged for substrate binding, and the affinaty increases. Tiid

| ter ic effect” postulated
fhexample of the "co-operatlive heterotropic effec p

i s I Al T-EI. Wes }-l:']i" Y
.ﬁdt Wyman & Changeux | 1965) . The same mechanit of wea '

of the substratc,
) e b T T 0N e baind iing ol the
t intul‘ﬂﬂtlf'll?, '-"..."l-:ltltl\.-.l 2 ti
1 . - -'l 11
S BAY be indicated a "cp-ppErative homotiopic effect”. At
'!l-!.' LA as Lo
nd low I[ADP concentration, the binding
- L

ﬂl#**i cunﬁcntrutiﬂn

. M » interactions
-.EI‘::-"-'- . "th.'.!'!{‘tju]n ﬂutl"-uili L i]lt IlilLI. tIIL -;- t L8

gractiond.

¢ ] g =Urnit uecOmes mnore
- BT : - tva £ite oOon cach sub=Un

astronper, the active 61

potpate sffinity is reduced,

-]

“‘*di:tnrtud and 48 & pesult 64

;-ﬂ that interplay petween HADE and NADPIL, ln-‘.’lding
car s |

i{rion according to t their absolute

- _-Lvntiun or inlllb
I | ﬂI“ 10NS 3 i d muﬂhﬂ_ninﬁ
v « ntnﬁ“' v may constitute a refine
: L -'I ..}. }_:;IE‘ v Sy by t y
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regulation of activity of glucuua-ﬁ-phnnph;tg
E#ﬁi”ﬁﬁﬂ3thurﬁfbru of the puntpsa-phuaphatn_puiﬁﬂuﬁ“in

cell,

5ﬁth=rngu1ﬂtnry mechanism would Le bascd on the interaction

.

\BP and NADPil at the first kind of site namely - the substrats
ni. i 8ite. Whether the binding of NADPI to tThs other kind of

ite that has been p-.:*_tulu.tml, (at which JADPil het an activating

! L it has any pigsiological
ffect even at high NADP concentmition) [as any py, B

Spalr Z : nas
Bfnificance is doubtful. This 18 LECAUSE auch an effect has

- - E i ﬂf
been | observed only at HADP concentration above 100uM, namely

vive, at
porder of mignitude that probably nevel obtains in Vivo,

Efﬁﬂt in the ¢rythrocyte.

o At of the kinetics
Vhereas it is clear that the interpretation

d UADPH that have been described above
LTl H

0 interaction of G6PD

lﬂt‘ﬂﬂ:ly :g:_-u(;ul._[tik'n.:‘ tlig1e 1S no Jaubt that Hh.ﬁtuh‘ﬂr the
fPecise molccular mechanism of the interaction of the u:::,rnm
gubje ‘hange as a
"..-th HADP and NADPH, such inte pactions are subject to ¢ :h:hl

4, T L,
Tesult of gonetic mutation. Such changes &1¢ guite TCm
, normal O TYPC, we owgerve that

EhUS. 1fF ye pefer apain to the centration of
. ' conce

S ' - y i nDl.lnu‘:d at 2Ll

dfdbition by NADPH ic quite Pr=

ved at 4E0 wil inpP. The behaviour

it is almost abolished at
|'.,_i ;.' |

of 10 uif, it i
N

d M und activation is gbser

- imilar althoughn,
~qf;,- s ualltatlvE1Y B
udﬂ' i- q bltlﬂn iﬂ lﬂﬂﬂ mﬂrkad ﬁt 1“ m

{rom the

e dnhi

- e

titative point of vieY,
.-'v'.'r..ir 5y = ¥
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He activation is less markecd at 480 uif, The results
susly obtained with variant A (Luzzatto, 1967) were quite
-;iﬂh-iixﬂﬂpt that activation was not observed vven at very

ﬂ:ﬁ?ir concentration, and the inhibition at very 1oW wADP

pation was nore merked, The vapiant that clearly sets

ilé*iaside is AT. This variant scums 10 be insensitive to

DF h 3 nse inhibition
ADPY compared to the others, both in the sense of inhiiba

8d in the gsense of activation. 1hus, significant activation
§8 never cbserved and significant inhibition occurs only either
Bt very hipgh NADPH concentration or at very low IIADP concentration
tﬁﬂ'““ﬁﬂ under tlhiese conditions it 48 luas prmnuuncud than with
By other variant. The possible phyﬁirluﬁical significance of
em of G6PD-deficient

the 1ast pesult in terms of the mutaboli

Ped cells will be discussed later (Chapur VIID.
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CHAPTER VI
F_TEMPERATURE AND OF SULPHYDRYL GROUP REAGENTS ON
GENETIC VARIANTS OF GEED

Amongst the techniques that are used for the characterisation

-Jﬁ};;l, those based on the effect of physical or chemical
f=mgé{ating apents have always ranked high. In the present work,
he study of thermal inactivation has been extended to include
fﬁ%xﬁ y the conventional technique of the time course of
-~fﬁéivutiun at 37° but rather to obsérve the inactivation
Boduced by short incubations at gradually increasing temperatures
thernal inactivation profile). Among the inhibitors, thosc
;iaﬂting thiol groups were selected because it was already known

Biat they affect at lcast somoe of the G6PD variants (Kirkman 1962;

Siing £ Langdom 1963b), and because of the indirect evidence

IBResting that thiol groups may be involved in the active centre

-".5 enzyme (sec chapter V).

-Eiﬂg} of temperature of the activity of GEFD Variants:
1965) that red

"hiﬂ been previously abserved (Luzzatto L Allan,

el] G6PD is quitewstable to temperatures of 55° and over: at

SBNED tepperatures it undergoes & gharp inactivation. As a

:n-t, if the enzyme it pre-incubated for a short time (.7 minutes
BEhis vork) at the piven temperature and then re-tested at room
"@?hiru a 'meltinpg curve' is obtained. Fipgure 19 (a) & (b)

ata for enzymeg. 4\ And Figure 19 (¢) & (d) shous
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En:yn& type .ﬁ'. gee Fig. 19(a) for legend,
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g(c). Enzyme type Ijebu-Ode, See Fig. 19(a) for legend,
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TABLE XVI

TRANSITION TEMPERATURE (°C) OF THERMAL INACTIVATION OF GEPD
VARIANTS AS A FUNCTION OF NADP CONCENTRATION

il

e—= = =

—

' G6PD (NADP]
| Variants | 2107 2007 2:10'?1“1- 200™
A 39 §3.5 4 513 50.0
3 s 51.6 51 50.0
B 58.5 51.5 4k o
a1
Ijebu-0de 58 87.5 L5 Eﬂh - .
| Ita-Bale 5§17 52 50
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r data for Ijebu-Ode and Ita-Bale. It is seen that }

)
le conforms remarkably to the pattern observed for enzyme

;gﬁi The shape of the curves obtained is quite similar and

':ﬁihirtlatinnship between the family of curves as a functiué
NADP concentration is quite similar. The transition

smperature (defined as the temperature at which 50% of the

iZyme 1s inactivated) is found to be §7°C for Ita-dale as

ompared to 59°C for A (in excess of NADP, 1 mM)., By contmast,
Siprofiles observed for Ijebu-Ode are quite abnormal in shape.
E8S clear that in this variant there is a peculiar and Nt
femarkable change in the way the enzyme behaves with respect 1o

temperature especially in relation to the stabilizing effect of

"u_.t!_' T}]HE. even in excess of NADP  § nh"l)‘ 1T 18 clear that the

-ﬁiing curve is much less sharp for Ijebu-Ode than for fsor

ta : ‘ties i file
@=Bale. Furthermore, there are irregularities in the pro %

., _ - is when the
g4 a8 a peculiar reactivation apound 56 C. 1t 2

DNce instability
®Ncentration of NADP is decreased that the thermal

7 . YADP the enzyme
88 T5ebu-0de becomes far move apparent. At 10 i

1

3 #1héﬂd? marxkedly unstable an

-

ywhere above y5°2C, although it
0 sy
' 47°C. A similar
underEﬂFS a peculiar reactivation at about -
Ty HADP. At this

-9
Born . A rion (107 "M) the
Fentration of NADP, and at loWer concoiese |
' nd considerable

Thus, at 1loOwW

F"Sfomenon is apain observed at the 10

in o ; a
prtability of the enzyme is extrent

o eprature.
¥Ctivation is observed even at rood L)

jon temperaturé for this enzyme

LS. 0 0
" Pt i cnall Y low, 4 r QFMIGITSAg HEAE:TI: REPOSITORY PROJECT Ir
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CONCENTRATION OF NEM,mM

Inhibition of GEPD variants by H-athylmaﬁni:ig;ﬂgﬂﬂﬂ;. .

Poperinerial condieions 17 %, 5% St {0 bufren
erimental technligu ‘bull

ﬁgﬂgu':ﬂ Tris.HCl pH 8.6 containing MgSo,, 10 mM .

g — —% A G A3 0:40..0 Bi
-] Ijebu-0de; ©O-- —0Q Jta-Bale.
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=+ See Fig, 20 for legend. Inhibition of G6PD variants
by p=chloromercuribenzoate (PCMB),
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gtfect of Sulphydryl group reagents: Iodoacetic acid,
e, : (frem preliminany vegults
pacetic acid and iodoacetan: all Eavn a mild, time-

#

pendent inhibitory action on the enzymes studied. For example,
ter three hours pre-incubation with iodoacetamide, the
,Wéﬁlfiﬂn is 15-30% at 10 md and 5-15% at 2 mMN. With these

fitée reapgents no significant differences were obsepved among the

g¥e variants in either the time course or the cxtent of inhibition

On the other hand, NEM is a more powerful inhibitor (see
'i%‘ﬂﬂ}. Here the action is instataneous. The inhibition ranges
Stheen 30 and 60% for the cnzyme types A, B, A" and Ita-Bale.
'é:“EP, Ijebu-0Ode stands out as being a complctely refactory

O this inhibitor.

PCHE, a mercaptide-—forminu rujgunl, had already been found

Bbe a potent inhibitor of red cell glucose E-phosphate
g omd Langden (443.)

8¥drogenas®), The inhibition is manifest within seconds after

®addition of the reagent to the reaction mixture. - The effect

.?iulqtiV31y high eoncéntration of PCHE on enzyme activity again

Nap: ! , o sistant
STply dif ferentiates between Ijebu-0Ode, the, ROS LELe

S90t, and the other four that have been examined (Fig. 21J.

lower concentrations a finer analysis 165 possible: this

.Fﬂt!rriﬂd out for the A and AT variants (Fig. 22). It is

zﬁr'thlt A" is significantly more susceptible to PCMB

S4tion than A, Thesc pesults were

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT



Enzyme activity, % of control

Inhibition of GEPD variants A and A by low concentration
ofFCMB. Herec the enzyme preparations were first
incubated for 15mm at 22°C with various canu:HntEEIiﬁn of
ofPCHB in 5 mM phosphate buffer, pH 6.3, 50 :

' 2 ) then
0.1 mM EDTA, and 1uM NADP. Enzyme activity was
Rhatred 1y che wita) speiy systen, FO Coneniiition
ghown on abscinsa are the corn i t
miﬁtturnl: Concentrations during Pl‘ﬂ‘fﬂﬂ“'-‘ii“'_“: :E?“ﬂ_
2.3 fold higher at each point .——e 2i u?ul . Srke
S ¥—  » mixture of A and A, exporimen :lp:ihi‘t-ihn-
middle full line indicates the calculated nti' an o
‘cupve for the mixture if there is noAnteraction e, eus

the two preparations.
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b ;;r 'f“ ng the iuﬁ;hi*tnr, PCMB directly to to ‘the

xoure) |

1‘ ;pnﬂ'i'fivity in analysing the effect of the inbibitor by

on m Houwar. it was possible to obtain a
-fﬂﬁhﬁblting the enzyme at room temperature with FCME and then
Saying the remaining activity. Under such cnnditiaéﬁ, it was
gund that even much lower concentration of PCMB, of the order
Wtfﬁ—TH would cause considerable inhibition, and that this effect
Mas quite different for variants A and A”. Unfortunately, lack
:féiufficient amount of enzyme made 1t impossible to repeat the

Xperiment for Ijebu-Ode and Ita-Bale.

DTS CIULSESETRONN

The results obtained with the five variants in the thermal

" . .
diactivation profiles (Figs. 19, a - d) as a function of NADP

foncentration are discriminatory among the enzyme types (sec

;{}1‘ XVI). It is seen that, in excess of NADP, all four variants

ij'ﬁ_ Ijebu-0de and Ita-Bale underge activation at some point

®€tuecen room temperature and the temper
) o
Aus® _ 5,0 ©. 1jebu-0de 30 - 35°; and Ita-bale

ature of inactivation:

AT 30 - 51

»
FL - ‘aﬂc Abrupt inactivation rakes place at high temperaturc -
(53 C), A 51°C and Ita=-Bale 51 )
The shift in the region of

Ijebu-Ode had a rather

Mque inactivation profile.
ﬁtéc.iﬂtivity“ may reflect di fferences in structural
-_; =
.iﬁ9rﬂtinn among the variants.
R 't II ﬂf A iﬂ Hll[{htl}' dlffnrﬂnt from the data '“p‘ﬂrt'ﬂd by‘

d All (196 S BEE haps becaugse the purity of their
-t 0 an an 5 F L HEALTH REPOSITORY PROJECT
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."' 5 higher than the one used in this work., Moreover,

f.nﬂJ &nzyml obtained from a single blood donor was
fifj;mhan pooled A” was used in this experiment. The

mificance of the latter point is not known yet. It is however

":r"'.'r - - - #
Eraking that the transition temperatures for A and A 1n €XCess

e

SNADP are still similar as in the previously reported data.

" The inactivation profiles observed, especially those in

Xeess of NADP, are reminiscent of the co-operative breakdown

of a highly stabilised structure, such as a helix-random coil

transition (Scheraga, 1963). On decreasing the concentration

ﬂéﬁhﬂ?, there is a concomitant decrease first in the transition

témperature, and then in the sharpness of the transition. This is

Bonsistent with the concept that NADP 1s specifically involved

i&:itﬂbilising the active conformation of the enzyme and 1§ ifi

g : . (1961)
@greement with previous findings by Marks et al. ( .

- wdon (1963b).
Birkman § Hendrickson (1962), and Chung & Lang

ure of
It may be of some interest tO speculate on the nat

‘ : a (1963), if the
M€ inactivation process. According 1O sherag | -

ed correspond to +he destruction of a
ecu

EJ;’-iVﬂtinn does ind |
the length of this repgion will

i“l t‘egiﬂn u.'[ the malﬂﬂu}.ﬂ‘

v
.

Ry . i
= Of approximately 27 amino acid )
d for A and A ).
resence of residues which have

siducs for a transition

en Deviations from this
"ﬁ{;rature of 59° (as foun

ﬁ fBiaht be due e or might be dus to

n the helical region,

|"'- . tiﬂ'n O
Eﬂbili:lng ac g sane helical region, possibly

"”':1".'*"?]; in the laength of the VoL
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u_:,-_,'?_-.:;f ence of the proline residue,

| "&n of sulphydryl proup reagents sugpgests that either
4ugw~npnupa ave important as such for the activity of red
B6PD, or that the attachment of these reagents tc the enzyme

ile interferes with activity, for instance by steric hindrance

! .'!""

ibStrate binding, The latter hypothesis had been held true by
Efﬁi_Langdnn (1963b), who demonstrated that NADP protects GO6FD
rom inhibition by PCMB, indicating that sulphydryl groups might
Finvolved in NADP binding. Whereas enzyme inhibition per se

86 Nnot enable onc to choose between the two hypotheses mentioned,

e fact that Ijebu-Ode is much less inhibited than the other

iriants (Figs. 2D, 21) also favours the seconds hypothesis.
AyiiﬂﬂEd. an -SH residue, cssential for activity were lacking by
Mitation in Ijebu-Ode, the ¢nzymatic activity should be reduced;

Ut this has been found not to be true. On the other hand, if in

has been lacking which 1s not

SN
Wk
&

“Variant, a cysteinc residuc

Sgert; tiiot : i ~ variants serves as an
8ential for activity, but which 1in o the

tta : ] - would be expected
Fachnent site for PCME and NEM, then Ijebu-0ce pe

fTesist the effect of these redagents. The mild inhibition still
xer jebu-0de may be explained by

P€Pted by pcup (but not by NLM) on l
ot with groups €s
Le reactive towards these

. sential for activity,
:**“hility of PCMB to rea

“than -SH groups. The WEW m&Y ROL

: :.' \.“I‘I f
i bi tion o©

'4 I'ﬁthur subtle diffﬂrﬂ-nﬂﬂ in the inhlbltﬂw ac

pjﬁghﬁ AnAUAT again (chapter yI) indicates a atructural
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: APTER VII

NERAL CONCLUSION

iComparison of genetic variants of human erythrocyte G6PD:

*Ljﬁzf e five genetic variants of red cell glucose-6-phosphate
1

&

‘:wﬁ}lggnaae differ in their electrophoretic mobilities (Fig. 3)

i in their reactivity under various conditions, they essentially
e
grform similar biochemical functions. These variants constitute

Pglaring example of the cffect of what are probably one point

'ﬁSQHEHE in the gene specifying the structure of an individual

L
If: :r:-l . Ein -

The five C&FD types are similar in theair affinities for

®P but have different affinities for 2dG6P. From the plots of

;Q?Vhﬂ“, log Hm and log Umﬂx against pi, the presence of
| K

£ v ; ' L ve
ONMisable imidazolium and thiol residues in or near the acti

i*tren has been predicted for most of the variants, while the

ﬁi:nce of thiol residuc 1is postulated for Ijebu-0de,

The work carried out on the pli-dcpendence of the two major

may serve as a useful

*ine and K_,
tic parameters, oy -

':iiitnntinn af the putcntial and

{mi o the
s=:tation of the kinetic approach 10 )
e Fullﬂ”ing the ‘Hﬂrk ﬂf Dl“ﬂn {19 5‘3} »

1 gy 8 -n.}.
M

S¥€ Centre of an enzyme.

at thae same time of the

gtructure of the

LA np way towards inferring
'*fh;-yﬂiu has been carried a lomng

R ¢ s i1 Groups are {nvolved in the enzyme peaction.
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BRE% roportad herc, ono had the additional advantage of
*ﬁﬁfﬁiﬂ~nﬁnplru the Lehaviour of five diffeérunt variants
chapter IV). It was thus possible to make an "educated
8% as to which amino acid residues in the protein are involve
gver, the limitations become clear when it is realized that
-1ﬁﬁﬁgghich are quite remote from the active ceiitre, especially
.~fin1ued, can affoet crucially the behaviour of the protein
dards ligands. In consgideration of this, it will be essential
of the primary structure so that

'”?Fytﬂin direct information

Bi8 could then be correlated with the results from the kinetic

such data are collected for a

ER =

K. It is possible that if
already been collected to some

I‘L".'Ju, lgE?Jl thﬁ

fumber of enzymes, as they have

BXtent in the case of abnormal haemoglobins (Wint
: . even

';:ﬁrmatiun obtained could be uxtrapaldted to other cases

- . . ! t L'- .
befcre the structural analysis 18 anple

PD variants: Like for

Structural differences amonk G6
it has been proved tha

le amino acid substitution

! r Er}\‘t]lm:yte GEPH
Memoglobin variants,

:IE ants A and B differ by 8 6iNgE

ruuunnablu to than
amino acid sequence of their

| k that other variants
Mloshida, 1967). It is

¥i11 differ by alterationt in the

wri Structures. Such nlturntinns, N
g about diife
®letinng aqubpstitutions, will bring

7 0 The differences in

f the enzyme

da ch

Jhether additions,

rences in the

Prﬂtni“ﬁ .

Q=Y structure © .ins raesulting in a certain

R antl
RiFucture of thelr POP gach varliant are reflected

apacteristic for
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i*%ﬁﬁjﬁhﬁﬁﬁ*in.ﬂlﬂﬁtﬁﬂPhnratin,migrutiqnn. iowever, A and
D' types have identical migrations, It is possible that
WO enzyme variants differ by alterations in the amino
eguence of their primary structures and yet have identical
eharge. Twc proteins may also have identical amino acid
giénce but differ in the folding of their peptide chains and
'Aﬁiiﬂ'the tertiary and quartenary structures. This possibility
SEENOWNn to occur in sperm whales and pork insulin, two proteins
Bich have identical amino acid sequence, yet differ in their
"Qﬂ;;ﬁhﬂ towards antisera (Berson & Yalow, 1961, 1963). On the
BAS1S of this evidence, the authors continued, it would seem that,
diiaddition to amino acid sequence, the precise configuration of
iuL%T E of the protein molecule is also determined by the genetic
PParatus, However, it is desirable to obtain the amino acid

#Quence of GEPD type A~ and possibly those of other variants too

8 2 bagig for understanding the complex structures of the proteins

Inactivation and/ reactivation of G6FD: Several workers have

= -
f erythrocyte A enzyme

The

BPOTted difficulties in the recovery ©

i%l durinﬂ puri fication by ion exchangeé chromatography.

fﬁif*ility of A~ may involve geveral mechanisms. Ferhaps its
’5?;‘11ity is due to dissociation into inactive subunits, in which
= =]

,:gth. use of higher canﬂﬁﬂtrﬂtianﬁ of NADP during the

M ticatio;, Drocadire might bo sufficient to stabilize the enzyme,

6PD does not need NADP for its

1""

3 h-..-ﬂtj rat mammnry Elﬂ'nd G
,1}‘ duri.ng pul"ifi:ﬂtiﬂn (Levy, Raineri & Nevaldine, 1966),
| "'J[ . r H ignnrlﬂ?RI(HNDIGI Ilthlg’PgsgogYPR{ogc? 8 (bj i mﬂtﬂhﬂlitﬂ
“Anps o ons @
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3 inactivation paralleled by splitting of red cell G6PD
arffﬁﬁﬁlacular weipht inactive subunits and subscquent
.fgﬁpjbh'nf inactivated enzyme by HADP, confirms the
bilising role of this co-enzyme. Moreover, the metabolic

ele of G6PD as postulated by these authors may help to explain

Bfast rate of degradation of enzyme type A” in vivo in the

iNSC that such metabolite inactivated A~ variant may not be
gﬁaf reactivated. An experimental analysis of the interactions
”Hﬂ;?Eral genetic variants of red cell G6PD with these
tabolites, with a view to finding out whether the inactivation

i = . 4 ¥ : . .
id reactivation processes are characteristic for edch variant,

1S desirable,

Effect of inhibitors: The observed variations associated

it) interactions of the enzyme variants with the inhibitors =

1'_'.:' and PCHE‘ and the 'Lhi‘l‘ﬂu'rl inﬂ:‘til.!'ﬂtiﬂn mellﬂ studies all

Point towards differences in the structural configurations among

he o - ¢ of thiol
= ENzZyme types. The postulation about the absence of thi

'::idue o or ndaterd active centrs of Ijebu-Ode 1s also well

IRk

“PPorted by the effect of inhibitors on the cnzyme.

EﬂEHLatﬂr properties: The sigmoidality of rate-concentration
| ) & (b) has qualificd G6FD to be placed

BVes for NADP (Figs. 15 (@ *

liafuliut of regulatory proteins. The interpretation of the

f I|.:I:‘L‘IJ' “ ﬂf E“Eh a kinﬂtiﬂﬁl I‘Eﬂdilf invﬂkﬂﬂ the Eﬂnﬁﬂp‘t nf

B . .5 (soe Gerhart 6 Pardes 1952 4583 Changues;
A erac

o  fficult to provide an
1y () d Et 2 1l 3 19 65 1\F110AN D;;I‘FAL %&TH RdEI%SI{ORY PROJECT x
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The sigmuidal curves have
first time provided evidence for the difference in the
~- 8 of A and A” G6PD types,

Ny

B .
lative | L;ﬂ%ﬂltfthl-nnm‘nt_

It had been shown by Yoshida e et al
s that A and A~ enzyne types are similar in catalytic and
AMUN O ng;cal prcperties,

EF

8t sight consistent with the classical hyperbolic

-.E:g elis-Menten model, the calculated dissociation constants

,l +ﬂ

Even though the curve for A~ appears at

Wint tc the likelihood ol the existence cf a transition from
(5{1 Table ‘!I'I,)

8OM O high affinity at very low concentration of NADD. It is
:ii_iEUIt to extrapolate the results of in vitro Kinetic studies
® the conditions in the living systems because of the possibility

Bf existence of modifying factors in vivc. HMoreover, the fact

that kinctic data fit a certain hypothesis does not consfitute

Proof,

The crucial evidence that the reported sigmoidal saturation

e
Y

Ve reflects primarily the specific interaction between GG6PD

ﬂfulﬂﬂnP, lies probably in the demonstration that such interaction

i sult ic mutation. Thus, while
= Subject to change as a result of genetic :

rq".':'Ht:l.lr'-a.*l:j.«::.n. curves for enzymes A and B are quite similar, thuse

S0P A~ and Ijebu-0de are quite different and distinct from each
the : 1 \ this finding may becone
S'€0,  The physiolopical implications of P

=

uly : ) : igation can be carried gut
B4y apparent only if suitable investig

g:iact cells. However, certain likely cpeculations are

244y possible.

B v i panticularly being made te the significance

91 '5‘- Curves to the mgﬂWHﬁTﬁomﬁﬁzg@mcﬂufiuiant red n"llﬂ‘
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1 differcnces are apparent between the A and B variants on

@ and the A- on the other side.
.13y;? a much more nearly hyperbolie saturation curve for NADF.
|

F - 3g far lesu sensitive to inhibition by NADPH,

,}ffarencea may become quite crucial when one tries to
age how they will reflect on the activity of ihe pentose

sSphate parthway within red cells containing either the A or

: ﬁlvariant as opposed to the A- variant. This, one can try

d0 first with regard to "normal" conditions (under which the

irate pentose phosphate pathway operates only at a very low

ate) ' . nditions under which it 1s
te), and then with regard to o

’ﬁ;ﬂly gstimulated.

B Under normal conditions, if tho NADP concentration in the

Bee11s is within the rangewwhere the A and B variants are in

. : 1 » . he
B state of l1ow affinity for NADP, 1T 4% apparent from t

+ a & b) that thear G6PD is operating

Ation curves (sec Fig. 19,

: . By contrast at
ma1l fraction of vnax y

jant will be already much

R rate which is a very

B Same NADP concentration, thesAl VA

g e = thE ratﬂ uf u -
BYer to saturation, and operatini almost at max
! H is always
‘d‘ﬁtlnn since a meaﬁurahlﬂ Cﬂ]lﬂbntfﬂtlﬂn of NADFPi 18 y
]
n
';'”“t in A 11 this will have a certain inhibitory actio

put not on the A  variant. Both these
u

¢ly greater activity of A

b ¥ A and B variants
r r"'-

8 Will contribute to A pelatiVv

dep at least to attempt a quantitative

.éﬁhﬁﬂ-tg A and B, In or
va) {vity, one makes use of the

Alins Et
'*1““ of the difference in a
concentrations of NADP and

2Nt ava i 1 -ﬂbl Q f i BW@EIGIHIHEASB{EPOSITORY PROJECT
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| ' =
1
4R

iy Assuming an intracellular concentration of approximately

‘n‘HhDF and approximately 24 uM for NADPH, and making

gnce to Figures 15 and 17, it is possible to calculate that,

Bsuch conditions, the B variant will function at approximatcly
3L its maximum rate, but A” will function at approximately 833
its maximun rate. This almost two-fold difference in the
geentage activity of the two variants will already compensate to

Bilderable extent for the lower level of enzyme in the "deficient"

Als. When it is considered that the determination of pyridine

geieotides is subject to considerable error, and that it is
BPOSSible to know whether the satupation curves cbtained truly

#tlect the condition (pH, ions, etc.) prevailing within the red
$48, it is conceivable that this compensation might be even more

fective, Basically, it is suggested that the peculiap

BEferences in kinetic Behdviour of the A” variant compared with
band p might explain a well known naradoxical observation, namely
E the metabolisn of G6PD-deficient cells, and particularly

BETate of the pentose phosphate pathway in them, 15 not

'"fiﬁﬂntly Shorhal It is suggested that under physiological

Sditio,. the activity of the A~ enzyme in the cell 1s either

OP very nearly normal.

1b)

A very different situation

LB imposcd upon the red cellS. In terms of regulations

will prevail once an oxidative

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT
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atio of NADP to NADPH, namely, an increase in NADP and a

age of NADPH. Again this will entail two differences between

iormal and the deficient red cells, In red cells containing

=3

Dy'A or B,the increase in NADP concentration causes the
-#a{ﬁiun of the enzyme from low affinity to high affinity, and
;.Tifhe velocity of the enzyme reaction is remarkably increased.
:“fﬁrmare, the decrease in NADPH concentraticn will entail
@ffﬁﬂrahle release from inhibition. BDoth of these changes will
ﬂf??t in increased G6PD activity and much faster operation of the
iitose phosphate pathway. By contrast, in GéPD-deficient cells,
B8 increase in NADP concentration will increase the activity of

;;4ﬂﬂ=yme only very slightly, since the enzyme is already working

Eﬁﬁqarqmaxhnwm-uelﬂcity. The decrease in NADPH concentration will

Bt enhance G6PD activity since no inhibition was taking place,

ve almost no way of increasing

e

us, AT containing red cells ha

e pate of operation of the pentose phosphate pathuay-uasnii s

.__’l_ I'_,"hﬂ.ﬂn ded,

' ' : 6PD
The detailed kinetic analysis of the interaction of G

e explanation

: 1bl
ANts with NADP and NADPH thus provides a plausi
only experiment in which

s
.

" their performance in vivo. Clearly,
t of G6PD can be evaluated will

#

intrﬂcﬂllular rate of ﬂpﬁrﬂtlﬂn

“%on ion i irely valid
& ltm‘tu Hhﬂthﬂ'r EUCh an interprﬂtﬂtlﬂn 16 entirely .

v
[

“ ¥ ‘
.:*“'Iikﬂlihnod that this m

tha &r th“ﬂ .
BRRE ronciion of the pentose phosphate pativey

variants with NADPH points

The complex interaction of G6FD
a regulator of

otabolite serves Aas
The negative



- 1284 -

fqﬁ?iﬂmhhaniﬂm implied is not too surprising as such a

JEnism : Ty (Grerhasp-oud Pardes
hanism is now known to operate extensively in micro-organisms.
:-}Lgﬁhanium of action of NADPH probably involves conformational
ferations through subunit interactions. The iphibition may

ﬁi“tuta other mechanism besides the involvement of the subunits,

Uch as partial inhibition, whereby the rate constants for the

dreakdown of the enzyme-substrate (ES) and enzyme-substrate-

The work of Glock & Mclean

mhibitor (ESI) complexes are differcnt.

1955) has suggested that the ratio of NADP/NADPH is of

lihhificancc in the control of the pentose phosphate pathway.
;;i rate of oxidation of NADPH serves as & regulator of the rate
0f reaction of G6FD. The axistence of activating, active and

gqlated in this report, in parallel to

Pegulatory sites as post

-organlisns still requires

¥hat has been observed in micro
Sonclusive experimental proof. The existence of regulation of

may not be an exclusive prearogative of

'?ﬁtﬂse Phﬂﬂphatﬂ pathuay
sible that other enz
pate in this regulatory

- ymes and metabolites
BPD alone. It is pos

pathway may partici
omenon. ine work of bBesignore et al.

4 inactivation of erythrocyte

8sociated with this
'h; cise as a cumulative phen

1968a, 1968b) on metabolite induce
nase DY glucosc-

cd inactivating enzyme lends

&) §-phosphate, gluconate
licose~6-phosphate deliydroRe

B : £l
'ﬁP-ﬂﬁphﬂte, NADPH and an unidentl

_;.1 o
w1 ¥

cumulative or concerted regulatory

iPport to the suggestion of

0Ontro) of pentooe phosphate patmess

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT



-

- 128a -

dback mechanism implied is not too surprising as such a , ,
..f_;":; i8 now known to operate extensively in minm%fﬁhm
imechanism of action of NADPH probably involves conformational
fterations through subunit interacticns. The inhibition may

”fiicﬂte other mechanism besides the involvement of the subunits,

1ﬂf a8 partial inhibition, whereby the rate constants for the
breakdown of the enzyme-substrate (ES) and enzyme-substrate-

ihhibitor (ESI) complexes are dififercnt. The work of Glock & McLean
§1955) has supgested that the ratic of NADP/NADPH is of

‘iﬁnificancg in the control of the pentose phosphate pathway,

iiﬂfrﬂtu of oxidation of NADPH serves as a regulator of the rate

0f reaction of GEFPD. The existence of activating, active and

r, { # ] [}
#Egulatory sites as postulated 1n this report, in parallel to

[} L 5 - 1 -
Mhat has been observed in micro=-organlisas still requires

Bonclusive experimental proof., The existence of regulation of
Pentosge phnﬁphﬂtﬂ pathway may not be an exclusive prlrngativu of
f?PD alone. It is possible that other enzymes and metabolites
ipiﬂﬂiated with this pathway may participate in this regulatory

The work of Bmsignore et al.

1

i-l - n
iXercise ag a cumulative phenomenoiis

ﬁgﬁﬂu' 1968L) on mntabnlitu induced inactivation of erythrocyte
| - onate
umﬂﬂ-E‘Ptlr‘HPhatu deliydrogenase bY glucoso-G-phosphate, BLOZCHS

dentificd inactiv

a or concerted regulatory

ating enzyme lends

i-

=Phosphate, NADPH and an uni

» . | i
SPPort to the suggestion of cumuld

m;ﬁrﬁl_uf pentose Phﬂﬂphﬂtﬂ pnthﬂﬂ?*

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT



=

The prosent idons about the meohanisa of action of dehydrogenase
onzymes aro well illustrated by tho case of glyceraldehyde-3-phosphate

o

L o)

@ ogenaso (Dixon and Webb, 1964). Tho onzymo has been crystallisod
‘both from yeast ond from muscld. For both, the affinity for nicotinamide

" adonine dinuclootido (NAD) is much highor then for thao other substrato.
The protection offcred by NAD cgainst inhibition of the enzymo by soumo

thiol reagonts (Shifrin and Kaplan, 1960) 1s on indicction that NAD 1s

bound to tho cnzymo protoin through thiol groups. Tho part of N/D at

which tho thiol group combinos is mot known. Basod primarily on such data,

the gencrally accoptod schomo of notion i3 as followa:i-

| E-SH + yp*t = B=S= NAD + H*

E—B-HFI"#-HEHG = B -8 = COR + NADH

- 0 COR
g..g..::nﬂni;mh-s—suq-ﬂzm}

genaso tho aomo achomo 1a

so of g1ucoso=E-phog phato dehydro
knoun thot the offinity of G&PD T
sgninst inhidition of GEFD

In tho oo

or NADP is highaor
likely to hold. It 15

than for G6P. The protootion 0
ssts olao tho

ffored by NADP
¢ thia co=onIyne is bound to thiol

by PCMB (sco p. 21) 2uE6
rotain. Tho pl‘ﬂ#ﬂl‘ﬂu

ported bY the dato on {nhibitien by FCMB and

of thiol group(s) in the
groups in tho onzyrs P

asotive gontro oOf cAFD La 3UP
in ?isﬂl 20 ﬂnd 21'

NEM sentoed
a 3o1din and Balinsky (1966) propesed

Ups,
to tho thiﬂl lrﬂ
i {n the sotive centre. Tho data

In additio
{dgsolium rosldua

the pr of on im
o 80 and 89) aro nlso in agrooment with

prosontod horo (soo Fige 133 Pe

\ "_E"-':f,',-. guggontions
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Howover, an imidazolium residue may not be critical. If it were, A
d Tta-Belo which may "lack" histidine (inferred from the absence of
imidnzeliun rosidue, sce Fig. 13) would be deficient, end thoy ero not.

ernatively, it is possible that the imidazoliun residues in those

2 _' onts arc eriticnl but aro now in o differont onvironment with tho

‘rosult that thoir pKs have been modificd,
8imilarly, tho obsenco of thiol rosiduos postulated for Ijobu-Ode

’."l'[p.; B4 and 119) may clso imply either thaot tha genoral gechounisa abovo

ot in this varient in o
ll 18 wrong or that tho thiol rosiducs are prodc

f PCMB and NEU and
different environment, which provonts the binding o

thiol reaiduo to obolish tho wavo obagrvod

which also modifics the pK af tho

at pH 7.7 in tho othor varionts.
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