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Abstract Glucose-6-phosphate dehydrogenase (G6PKdy words Glucose-6-phosphate dehydrogenase

is a cytoplasmic enzyme that is essential for a cell's aficiency - Severe malaria - Protection - Heterozygotes -

pacity to withstand oxidant stress. G6PD deficiency liemizygotes

the commonest enzymopathy of humans, affecting over

400 million persons worldwide. The geographical corrébbreviations G6PD Glucose-6-phosphate

lation of its distribution with the historical endemicity oflehydrogenas:2

malaria suggests that 66PD deficiency has risen in fre-

qguency through natural selection by malaria. This is sup-

ported by data from in vitro studies that demonstrate iiG6PD

paired growth ofP. falciparumparasites in G6PD-defi-

cient erythrocytes. Attempts to confirm that G6PD defGlucose-6-phosphate dehydrogenase G6PD is a cytoplas-

ciency is protective in field studies of malaria have yielehic, so-called ‘house-keeping’ enzyme that catalyses the

ed conflicting results, but recent results from large ca#st and rate-limiting step of the hexose monophosphate

control studies conducted in East and West Africa pfgathway for pentose phosphate synthesis. This pathway is

vide strong evidence that the most common Africaim important source of NADPH that is required for sever-

G6PD deficiency variant, G6PD-Ais associated with aal biosynthetic reactions and is essential for maintaining

significant reduction in the risk of severe malaria fadequate intracellular levels of reduced forms of glutathi-

both G6PD female heterozygotes and male hemizygo@se and other sulphydryl groups. By preserving and re-

The effect of female homozygotes on severe malaria generating reduced forms of glutathione as well as pro-

mains unclear but can probably be assumed to be simitwting the stability of catalase, NADPH plays a major

to that of comparably deficient male hemizygotes. role in a cell’'s ability to withstand oxidant stress. The

hexose monophosphate shunt catalysed by G6PD is also

g;FrLLeELﬁY;Egchtorate from an important source of ribose which is essential for pro-
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87 of which have reached polymorphic (i.e. >1%) frenethionine substitution [11]. Although the nucleotide
quencies [7, 8]. These variants have been characterige® substitution accounts for at least 95% of the G6PD
biochemically based primarily on their differing residua\- molecular variants in Africa, in a minority of individ-
enzyme activities, electrophoretic mobility patterns amgls two other alternative second mutation sites have
also on their physicochemical (thermostability, chrdeen identified at nucleotides 680 and 968 [11, 12].
matographic behaviour) and kineti& ( for glucose-6
phosphate or NADPH, pH dependence and utilisation-of
substrate analogues) properties [7]. G6PD deficiency

The G6PD variants are grouped into the following
classes depending on the degree of enzyme deficieRoyquency and distribution
and associated clinical symptoms:

) - . . . 6PD deficiency is the commonest enzymopathy in man
— Class I: severely deficient associated with chronic non; . o . :
spherocytic anaemia arfecting over 400 million persons worldwide [13]. This

a _ - o : jsorder, which is caused by a multitude of the different
tivi(tillass Il severely deficient, <10% residual enzyme %ructural allelic mutants of the G6PD gene referred to

— Class lll: moderately deficient, 10-60% enzyme activi&)goi\éﬁ’s 'sé)ffot?]gd VU:)?IIQIyv:/?trfhtehérorﬂgﬁés?n?atsetjsb_tlzgﬁgil
— Class IV: near normal or normal enzyme activit 0 . S . . :
60—150% enzyme activity % 30 0%, being found in Africa, Asia, the Middle East, the

. - o Mediterranean and Papua New Guinea [7]. Worldwide
— Class V. enzyme activity, >150% the frequency figures range from 62% in Kurdish Jews to
To date, comparison of gene sequences encoding enz@miés in Japan and northern Europe [14].
variants to that of the normal G6PD B gene has led to the
identification of at least 34 different mutations [7]. These
mutations are widely spread throughout the gene, bellinical features
found in all exons except exon 3 and exon 13. All but
one of these are point mutations associated with am@iinical expression of G6PD deficiency is probably de-
acid substitutions [2]. The exception is G6PD Sundgrendent on an interaction of the molecular properties of
land, which is due to a 3-bp deletion and results in taggiven deficiency variant, exogenous factors and, possi-
loss of an isoleucine residue [9]. Interestingly, a substduy, additional genetic factors [7]. In unstressed normal
tial number of these variants are associated with variabédls G6PD activity is only 2% of total capacity [14], and
forms of G6PD enzyme deficiency. The absence in ttherefore it is hardly surprising that most individuals
G6PD gene of larger deletions, or other mutations sueglh the more common class Il and 1ll G6PD deficiency
as nonsense mutations or frameshift mutations thatiants are usually asymptomatic. Although there is no
would completely abolish the function of the proteimirect evidence to support this, it is likely that there is a
suggests that complete absence of the G6PD enzymeoigelation between the degree of enzyme deficiency and
incompatible with life [2]. the propensity to develop clinical symptoms.

In Africa G6PD is essentially a tri-allelic polymor- The most striking clinical syndrome associated with
phism (Table 1). G6PD B, the normal variant associat€®PD deficiency, acute haemolytic anaemia, occurs as a
with normal or 100% enzyme activity, is the commonestanifestation of this disorder on the mature red blood
allele, with frequencies of 60—-80%. G6PD A which hall. On account of its long non-nucleated life-span and
90% of the activity of G6PD B is the next commonest dlence its impaired ability to generate adequate levels of
lele with frequency between 15-40%. The third alleMADPH and reduced forms of glutathione, the mature
which is the common deficiency allele in Africa is G6PBrythrocyte has a diminished reductive capacity to re-
A-. ltis a class Il variant with 12% enzyme activity, anspond to oxidant stress. Uncompensated oxidant stress in
it varies in frequency from 0% to 25% [7]. the erythrocyte leads to oxidation of haemoglobin to

G6PD A is unique in that it contains two mutationanethaemoglobin, heinz body formation and membrane
The first at nucleotide 376, which on its own gives rise tiamage [15]. In the extreme this leads to haemolysis
G6PD A [10], is an adenine to guanine substitution thahile less severe oxident stress increases the deformabil-
results in an asparagine to aspartate amino acid substijuef the erythrocyte and probably enhances the likeli-
tion while the second mutation, usually a guanine to adwod that the stressed cell will be removed from circula-
nine substitution at nucleotide 202, leads to a valinetion by the reticuloendothelial system [16, 17].

Acute haemolytic anaemia is therefore the most fre-
guent clinical manifestation of G6PD deficiency. The

Table 1 G6PD alleles in Africa and their enzyme activiiies haemolysis is precipitated most commonly by infections

Alleles Class Enzyme activity Frequency but can also occur after the ingestion of drugs and food-

stuffs that contain oxidant components or in certain met-
G6PD B I\ 100% 0.60-0.80 aholic conditions such as diabetic ketoacidosis [18].
G6PD A \ 80% 0.15-0.40

Agents with oxidant properties such as primaquine,

G6PD A- I 12% 0.00-0.25 . . . .
sulphonamides, nitrofurantoin and several anti-inflam-
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matory agents are the most common drugs associaeaphical correlation between the distribution of these
with haemolysis [18]. Fava beanddia fabg commonly polymorphic deficiency variants with areas with histori-
ingested in the Mediterranean are the most well dooal endemicity ofP. falciparum malaria suggests that
mented causative dietary agent and are associated witlisarder has risen in frequency through natural selection
well characterised condition, favism. Favism is associéi malaria. The geographical distribution of G6PD defi-
ed with the severely deficient class Il GGPD Mediterraiency can not be attributable solely to gene flow. In-
nean form and not the moderately deficient G6PD Aeed, the presence of many diverse G6PD variants that
form that is common in Africa. Although all victims ofhave arisen independently and reached polymorphic fre-
favism are G6PD deficient, not all (only 25%) G6PDguencies in geographically disparate areas [7] further
deficient individuals develop favism after consumptiosupports the occurrence of natural selection of this disor-
of the fava beans [1, 7], suggesting that they may be adkr. This hypothesis is further supported by the results of
er genetic or environmental factors involved in the pathmicromapping studies within relatively restricted geo-
genesis of this condition. graphical areas such as Kenya [24], Papua New Guinea
For class | G6PD deficiency variants the formed ef25], Greece [26] and Sardinia [27] that have demon-
zyme is functionally so poor that the red cell life-span strated a similarly remarkable geographical correlation
shortened even in the absence of stress, and hence clbstieen altitude and the distribution of G6PD deficiency
variants are associated with a chronic non-spherocytiith the lower altitude (<1000 m) areas, known to have
hemolytic anaemia [7] with affected individuals typicallynore intense malaria transmission, being clearly associ-
having mild to moderate anaemia and splenomegaly. Bted with higher frequencies for G6PD deficiency.
disadvantage of the chronic anaemia probably outweighs
any survival advantage afforded by these class | muta-
tions, and not surprisingly most of these mutations arigevitro evidence
sporadically and are not usually propagated in popula-
tions [7]. Interestingly, most of the mutations that givieeports from early field studies thatfalciparumandP.
rise to these class | variants are clustered near the gaMax parasites preferentially invade younger red blood
boxyl terminus of the G6PD protein [13]. cells that have relatively higher G6PD activity [28, 29],
Another serious clinical effect of G6PD deficiency ias well as the observation that in the presence of normal
icterus neonatorum or neonatal jaundice, which in sevarel deficient erythrocytes malaria parasites preferential-
cases can lead to permanent neurological damageyadevelop in the normal cells [30], led investigators to
death. Increased red blood cell destruction accounts fioopose that G6PD-deficient erythrocytes confer protec-
some of the hyperbilirubinaemia observed in this sytien against malaria by inhibiting erythrocyte invasion or
drome, but it is likely that severe enzyme deficiency intracellular development of the malaria parasite [31,
the hepatocyte may impair the catabolism of bilirubB2]. Since then there have been several independent
and thus also contribute to the development of jaunditedies in the literature reporting impaired growthPof
[7]. falciparumin G6PD-deficient erythrocytes [33, 34], al-
though in some studies this was only observed when cul-
tures were subjected to oxidative stress [32]. Further-
X-chromosome activation and G6PD deficiency more, there are data that indicate that in heterozygous fe-
males, who as a consequence of variable X-chromosome
The G6PD gene is on the X chromosome and hence oraetivation have different proportions of normal and de-
of the two G6PD alleles present in females is subjectfi@ent cells, the degree of parasite growth inhibition is
inactivation. Variable X-chromosome inactivation meamsoportional to the percentage of deficient cells present
that expression of G6PD deficiency differs marked[$85].
among female heterozygotes as their red blood cell pop-Although there is growth inhibition in G6PD-deficient
ulations are variable mosaics of deficient and nornelythrocytes, it is now clear that after a few growth cy-
cells [19]. This phenomenon affects all somatic cells @hes the parasite can overcome the inhibition [36], and it
the body such that G6PD phenotypes have been succlkad- been suggested that the parasite achieved this by
fully used in the past to determine the clonal origins pfoducing its own G6PD enzyme [37, 38]. An ingenious
certain tumours and embryonal tissues in such femalechanism (based on the premise that expression of par-
G6PD heterozygotes [19-22]. asite G6PD enzyme is determined by G6PD genotype of
the host erythrocyte) was put forward [38] as a possible
mechanism to account for the results of a previous study

The G6PD deficiency and malaria hypothesis that had indicated that G6PD deficiency protection
against malaria was the sole prerogative of female het-
Epidemiological evidence erozygotes [39]. Hence in uniformly deficient red blood

cells such as those found in deficient hemizygous males
Although several different hypotheses have been ad-deficient hemizygous females the parasite’s own in-
vanced to explain why G6PD deficiency has been selatiiced G6PD enzyme would compensate for the lack of
ed for in different populations [1, 23]. The striking gedhe host's enzyme. However, in female heterozygotes,
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who necessarily have mixed populations of deficient andThe literature on previous G6PD deficiency/malaria
non-deficient erythrocytes, parasite adaptation would foield studies is full of conflicting reports [28-30, 39,
compromised, and thus the parasite growth and multiglB—47], summarised in Table 2. The most widely quoted
cation impaired by the parasites need to repeatefibld study was carried out by Luzzatto's group in Nige-
switch on and off its own enzyme as it moved from defia in the early 1970s [39]. The frequencies of the G6PD
cient to non-deficient host red blood cell. While confirmA males and G6PD #B females were lower in those
ing the phenomenon of adaptation, subsequent studiedren with malaria, suggesting that these genotypes
have found that the parasite G6PD levels do not appasr protective against the disease. Their observation that
to be affected by the host red cell genotype [40-42]. the mildly deficient GGPD A males and only G6PE/R
heterozygotes and not G6PBDA heterozygotes with
comparable G6PD activities, nor the more markedly de-
Field studies ficient hemizygous males and homozygous females, are
protected against malaria appears to indicatetkteate-
It has long been recognised that definitive answers on ¢hiee of enzyme deficiency per se is not involved the
malaria/G6PD hypothesis have to come from field stugkechanism of protection against in G6PD deficiency.
ies. Such studies have needed to answer several impotdnlike the sickle cell trait, whose protective effect in
tant questions. Firstly, is G6PD deficiency protectivmalaria has been relatively straightforward to prove in
against malaria, and if so, is it protective against uncowitro and field studies, the proposed protective role of
plicated mild malaria, severe malaria or both? SecondB6PD deficiency in malaria has proved difficult to veri-
if the disorder is protective, what is the extent of protefy= There are several reasons that may explain this. In
tion, and are all the different male and female deficiencgntrast to sickle haemoglobin, G6PD follows a sex-
genotypes afforded similar protection? Answers to thdgeed rather than an autosomal inheritance pattern, and
guestions would provide a basis for understanding of timales therefore have distinctly different genotypes from
mechanism of protection of this disorder against malafeanales. In addition, there is considerable genetic hetero-
in addition to clarifying the evolutionary mechanisms rgeneity associated with G6PD deficiency, and in some
sponsible for the high prevalence of this genetic disorgmpulations more than one deficiency variant is present.
in most tropical and sub-tropical populations. More pertinently, it is known that fitness of the deficien-

Table 2 Summary of some field studies on G6PD deficiency and m -laria

Investigator n Comment Population

Studies supporting protective role of G6PD deficiency

Alison and Clyde [28] 532 Lower parasite rates and densities in deficient male East Africa
children; reduced levels similar to children with sickle
trait for both indices

Gilles et al. [43] 100 Reduced frequency of both deficient males and Nigeria
females in cases with very high parasite counts
(>100,000@mm3) compared to controls

Luzzatto et al. [30] - Greater rates of parasitisation of non-deficient Nigeria
erythrocytes in mixed erythrocyte populations of
female heterozygotes with acute malaria

Bienzle et al. [39] 702 Reduced frequency of female heterozygotes only in Nigeria
paediatric cases; reduced parasite densities in same
group

Butler [44] 277 Lower incidence of malaria in nonimmune deficient Vietnam

adult African-American males compared to their non-
deficient counterparts

Kar et al. [45] 708 Significantly reduced parasitisation rates in deficient India
males and females

Studies indicating no protective role of G6PD deficiency
Kruatrachue et al. [29] 203 Increased malaria in deficient males (1-3 years old) Thailand
compared to non-deficient males in same age group

Powell and Brewer [47] 16 No difference in parasitisation and parasitaemia levels USA
in experimentally infected deficient and non-deficient
nonimmune adult African-American male prison
inmates

Martin et al. [46] 68 No protection against cerebral malaria for any of the Nigeria
deficiency genotypes
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Fig. 1 Possible protective G6PD-deficient erythrocyte
mechanisms of G6PD deficien-
cy against severe malaria

infection by P. falciparum —— p
merozoite

\j

oxidant stress imposed on
G6PD-deficient erythrocyte

/
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peroxidation of membrane lipids

\
impaired parasite development premature lysis of
and multiplication in erythrocyte infected G6PD-deficient
erythrocyte
\)

increased erythrophagocytosis of

infected G6PD-deficient erythrocyte
‘abortive’ infection ‘suicidal’ infection

cy phenotype is decreased significantly only under a lifnequencies in children with the relatively rare condi-
ited number of specific circumstances and therefore tion of complicated or severe malaria [49, 50] with those
average very little. Lastly, G6PD deficiency may interaof matched controls seems to offer a more sensitive
with other genetic factors and population specific nomeasure of the effect of malaria resistance alleles [51,
malaria environmental factors, such as diet, to modBg].
the net fitness of the carrier [48]. The largest field study on G6PD deficiency and ma-
In retrospect it would have been surprising if a signifaria was carried out in two malaria endemic regions in
icant effect of G6PD deficiency had been clearly demdBast and West Africa and measured the frequencies of
strated in some of the major field studies carried outtime G6PD A, G6PD A and G6PD B genotypes in over
the past. Invariably these clinical studies attempted to @800 DNA samples collected from children under 10
fine the various genotypes from phenotypic measugears [53]. This was the first and certainly the largest
ments of enzyme levels, electrophoretic mobility and cfjeld study to use precise molecular techniques to un-
tochemical staining patterns [39, 43, 46]. This is difficuétquivocally define G6PD genotypes in an investigation
because overlapping levels of enzyme activity are sednhe proposed protective effect of a G6PD deficiency
among genotypes, related partly to variable inactivatiatele, such as G6PD-Aagainst malaria. There was no
of X chromosomes in female heterozygotes and partlysignificant heterogeneity in odds ratios between the two
altered rates of erythrocyte turnover in acute malaria [Bppulations studied, and the results of both studies dem-
Furthermore, several of these studies were studying panastrated that the frequencies of both female heterozy-
site densities in cases of the more common clinical cgotes and male hemizygotes are lower in the children
dition, mainly mild or uncomplicated malaria [39, 46)with severe malaria than in controls. While female het-
Recently it has been found that comparison of genotygr®zygotes were significantly protected against both se-
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vere malaria (46%) and mild malaria (41%), male hemmalaria resistance afforded to female heterozygotes is
zygotes were only significantly protected against sevditfe different from that of male hemizygotes, the overall
malaria (58%). Unfortunately, female G6PD Aomo- fitness of female heterozygotes is likely to be greater
zygotes were too rare to allow measurement of the stimn that of hemizygotes and homozygotes. This situa-
ceptibility of this genotype to severe malaria. A possiblien constitutes a balanced polymorphism [57] and
protective effect of the G6PD A genotype, with 85% qferhaps explains the observed rarity of populations in
normal enzyme activity, was sought by comparing théich frequencies of G6PD deficiency are in excess of
frequencies of this genotype between the clinical groufd% [7].
in which an effect was perhaps most likely to be detect-Most studies addressing the malaria G6PD question
able, i.e. males with severe malaria to control malésve involved the more commdn falciparummalaria,
This did not demonstrate any significant differences @amd hence there is a paucity data on the role of G6PD de-
the frequency of this genotype between these groufigency in non-falciparum malaria. One study in Nigeria
Heterozygosity for haemoglobin S was strongly proteeported a lower than expected frequency of female het-
tive against both severe and mild malaria in both areesyzygotes amongst 33 girls wih malariaeassociated
but no clear evidence of interaction between G6PD amebhrotic syndrome [1]. Another study by Kar et al. [45]
haemoglobin S genotypes was observed, although ith@orthern India reported protection in female heterozy-
power of the study to detect this was low. gotes and male hemizygotes against Hatlialciparum

The data from this African case-control study strongndP. vivaxmalaria.
ly suggest that the G6PD-Aallele is associated with There are still several issues that have not been ad-
substantial resistance to severe malaria in hemizygaousssed on the malaria G6PD hypothesis. Data on the
males as well as in heterozygous females. Its results cahe of enzyme-deficient female homozygotes as well as
cur with in vitro studies showing impaired growthRf that of the numerous other known G6PD deficiency vari-
falciparum in enzyme-deficient erythrocytes [33] andnts on severe malaria are still needed. It will also be in-
suggest that the degree of enzyme deficiency is centraiei@sting to pursue these current data with in vitro work
the protective mechanism of G6PD deficiency againstassess the possible effects of G6PD deficiency on im-
malaria. There are several mechanisms which might eertant host-parasite phenomena such as sequestration,
plain this phenomenon at the molecular level (Fig. Ipsetting and macrophage release of key cytokines such
The most likely attributes protection to reduced multiplas tumor necrosis factor, interleukin-4, and interfgron-
cation in deficient erythrocytes, probably as a result iofresponse to parasite infection. Furthermore elucidation
the intracellular accumulation of toxic oxidized sulof the precise biochemical pathways with which oxida-
stances such as disulphide glutathione and haemozuie stress in deficient erythrocytes interferes with para-
[17, 34, 54]. However, there is some evidence that infesite growth may provide additional impetus for efforts to
ed deficient erythrocytes are more susceptible to haemwdify existing or design novel chemotherapeutic and
lysis as a result of increased methaemoglobin and relgasssibly immunotherapeutic agents that more effectively
of ferriheme, a known cytolytic agent [55], and that itarget essential enzymes and cofactors in the parasite
addition, they are more readily phagocytosed by cellsgrbwth process within the infected erythrocyte.
the reticuloendothelial system as a result of the erythro-
cyte changes (i.e. methaemoglobin and heinz body for-
mation, membrane damage) that are associated with ﬁg?erences
oxidant stress imposed by parasite infection [17].

The degree of protection associated with G6PD defir, Sodiende O (1992) Glucose-6-phosphate dehydrogenase defi-
ciency reported by Ruwende et al. [51, 56] is less thanciency. Ballieres Clin Hamatol 5:367-382
that afforded to carriers of sickle haemoglobin but equa} Vulliamy T, Mason P, Luzzatto L (1992) The molecular basis
to or greater than that associated with some HLA vari- %fenge't"é‘,’fgéﬁ'lpl‘sos"hate dehydrogenase deficiency. Trends
ants and thalassaemias. The African Variant has a 3 paj GS, Sprenkle JA, Do TT, Marena CE, Migeon BR (1980)
higher level of enzyme activity than the most prevalent Localisation of loci for hypoxanthine phosphoribosyltransfer-
Mediterranean and some Asian types of G6PD deficien-ase and glucose-6-phosphate dehydrogenase and biochemical
cy, and the associated disorder is milder [7]. Therefore if €vidence of X chromosome expression from studies of a hu-

- L man X-autosome translocation. Proc Natl Acad Sci USA 77:

the degree of enzyme deficiency is important for the 55710 5513
mechanism of protection, it is likely that protections. keats B (1983) Genetic mapping: X chromosome. Hum Genet
against malaria conferred by G6PD deficiency is at Iea;tg\:gﬁ EY. Cheng A, Lee A, Kuang W-J, Hillier L, Green P
as gre_at in many non-African populations_ V-Vith variant "Sclessinger D, Ciccodicola A, D'Urso M 1991) Sequence of
associated \.Nlth gr?ater G6PD. enzyme def|C|e_nCy' . human glucos’e-G-phosphate ’dehydrogen(ase c)lone?j in plasm-

The main clinical complications associated with ids and a yeast artificial chromosome. Genomics 10:792—
G6PD deficiency today are acute haemolysis and neona-800
tal jaundice [7]. Individuals with more severe enzymé- Persico MG, Viglietto G, Martino G, Toniolo D, Paonessa G,

o . " _Moscatelli C, Dono R, Vulliamy TJ, Luzzatto L, D’Urso M
deficiency such as male hemizygotes and deficient fe (1986) Isolation of human cDNA clones: Primary structure of

male homozygotes appear more susceptible to all ofprotein and unusual’ Hon-coding region. Nucleic Acids Res
these manifestations. Since the estimate of the degree 0i4:2511
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