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Summary

Deficiency of glucose-6-phosphate dehydrogenase
(G6PD) is usually found at high frequencies in areas of
the world where malaria has been endemic. The fre-
quency and genetic basis of G6PD deficiency have been
studied in Africa, around the Mediterranean, and in the
Far East, but little such information is available about
the situation in India. To determine the extent of hetero-
geneity of G6PD, we have studied several different In-
dian populations by screening for G6PD deficiency, fol-
lowed by molecular analysis of deficient alleles. The
frequency of G6PD deficiency varies between 3% and
15% in different tribal and urban groups. Remarkably,
a previously unreported deficient variant, G6PD Orissa
(44 Ala—Gly), is responsible for most of the G6PD defi-
ciency in tribal Indian populations but is not found in
urban populations, where most of the G6PD deficiency
is due to the G6PD Mediterranean (188 Ser—Phe) vari-
ant. The K}2P? of G6PD Orissa is fivefold higher than
that of the normal enzyme. This may be due to the fact
that the alanine residue that is replaced by glycine is
part of a putative coenzyme-binding site.

Introduction

Glucose-6-phosphate dehydrogenase (G6PD) deficiency
is the most common human enzymopathy; although of-
ten asymptomatic, it can cause neonatal jaundice, acute
hemolytic episodes, or chronic nonspherocytic hemo-
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lytic anemia (Beutler 1994; Luzzatto and Mehta 1995).
G6PD is a key enzyme in the pentose phosphate path-
way, which provides the cell with nucleotide precursors
and NADPH (nicotinamide adenine dinucleotide phos-
phate, reduced). It is especially important in red cells,
where it is the only source of NADPH. Alleles of the X-
linked gene for G6PD that encode a deficient enzyme
have reached polymorphic frequencies in parts of the
world where malaria is or has been endemic. For exam-
ple, the frequency of enzyme deficiency can be in the
0%-7% range in parts of southern Italy (Calabro et al.
1990), 2%-16% in southern China and Taiwan (Chiu
et al. 1993), up to 26% in parts of Africa (Luzzatto
and Battistuzzi 1985), and a remarkable 70% among
Kurdish Jews (Cohen 1971). There is evidence that the
high frequencies of deficient alleles have arisen because
they confer a selective advantage against malaria (Luz-
zatto 1979; Greene 1993; Ruwende et al. 1995). Molec-
ular analysis has revealed that each population has a
characteristic profile of deficient variants (reviewed in
Vulliamy et al. 1992). For instance, G6PD deficiency in
African populations is due almost entirely to the G6PD
A— variant (68 Val-Met, 126 Asn—Asp) (Hirono and
Beutler 1988), whereas the Mediterranean variant (188
Ser—Phe) (Vulliamy et al. 1988) predominates through-
out the Mediterranean and Middle East and G6PD Can-
ton (459 Arg—Leu) (Stevens et al. 1990) is the most
frequent variant in China.

In India, G6PD deficiency was first reported >30
years ago (Baxi et al. 1963). The frequency of deficiency
ranges from 0% to 15.7% in different Indian popula-
tions, wide variation being seen between different caste,
ethnic, and linguistic groups (reviewed in (Meera Khan
and Wijnen 1986). Apart from the fact that the G6PD
Mediterranean mutation is polymorphic in the Indian
subcontinent (Beutler and Kuhl 1990), very little is
known about the molecular basis of G6PD deficiency in
this part of the world. In addition, the polymorphic
variants G6PD Chatham (335 Ala—Thr) (Vulliamy et
al. 1988; Jammu (291 Val->Met) (Beutler et al. 1991)
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Figure | Map of India, showing the places of origin of the
populations in this study.

and G6PD Kalyan (317 Glu—Lys) (Ahluwalia et al.
1992) have been found in Indian individuals.

In this paper we report the results of characterizing
G6PD variants found by screening several tribal and
urban populations from India for G6PD deficiency. We
have found that a new variant, G6PD Orissa (44
Ala—Gly), is the major polymorphic variant in tribal
populations, whereas G6PD Mediterranean is responsi-
ble for most of the polymorphism in urban populations.

Subjects and Methods

Subjects

Males from three Indian population groups were stud-
ied. Group I consisted of 677 males from eight tribes in
the Orissa region and 216 nontribal males from the same
region (see fig. 1). Group II consisted of 263 samples
from the Baiga tribe in Madya Pradesh. Group III con-
sisted of 339 Indian males living in western London,
either attending Hammersmith and Hillingdon Hospi-
tals (327) or, as students, attending Villers High School,
Southall (12).

Am. |. Hum. Genet. 57:1335-1341, 1995

Screening and Enzyme Characterization

Screening for G6PD-deficient samples was carried out
by the fluorescent spot-test procedure (Beutler 1968).
Characterization of G6PD in several samples from the
Orissa population was performed as described elsewhere
(Betke et al. 1967).

DNA Analysis

Extraction of DNA, amplification of G6PD exons,
and DNA sequencing were performed as described else-
where (Calabro et al. 1992). Screening for the G6PD
Mediterranean allele was done by cutting the amplifica-
tion product from exons VI and VII by Mboll and sepa-
rating the resulting fragments by agarose-gel electropho-
resis (Kurdi-Haidar et al. 1990). Screening for the 1311
polymorphism was done by amplification and cleavage
with Bcll (Kurdi-Haidar et al. 1990). The Orissa muta-
tion was found to abolish a recognition site for the en-
zyme Haelll in exon III, so samples were checked for
the presence of this mutation by amplification of exons
III and IV and cleavage with Haelll. The oligonucleo-
tides and restriction enzymes used are shown in table 1.

Mutagenesis and Analysis of Recombinant Enzyme

In order to characterize G6PD Orissa, the 131 C-G
mutation was made in pKK233-2 G6PD, a plasmid that
efficiently expresses G6PD B (Bautista et al. 1992). A
DNA fragment was amplified from the plasmid by using
as primers oligonucleotide I 5’ GCATCGGGTGACCT-
GGGCAAGAAGAAGATCTA 3’ and oligonucleotide II
5" AAGACGTCCAGGATGAGGTGATC 3'. Oligonu-
cleotide I contains the unique BstEIl restriction-enzyme
site 5" GGTNACC 3’, as well as the G residue present
in G6PD Orissa (underlined). Oligonucleotide II is
downstream of the unique Kp#l site in G6PD cDNA.
The PCR fragment was cleaved with BstEIl and Kpnl,
and the resulting 841-bp fragment was cloned into
BstEll-and-Kpnl—cleaved pKK233-2 Gé6PD, to give
pKK233-2 G6PD Orissa. The G6PD cDNA was se-
quenced to verify that it contained only the 131 C-G
mutation.

Recombinant G6PD Orissa was expressed, purified,
and analyzed biochemically, as described elsewhere
(Bautista et al. 1992). Thermostability was determined
as described elsewhere (Luzzatto and Allan 1965), but
with temperature increments of 3°C between 37°C and
55°C. All DNA manipulations were performed by means
of standard procedures (Sambrook et al. 1989).

Results

Group |

Of the 677 males from scheduled tribes in the Orissa
region that were screened, 81, or almost 12%, were
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Oligonucleotides and Restriction Enzymes Used in the Analysis of G6PD Alleles

Restriction
Oligonucleotide Primers, Variant Variant Enzyme Sizes in Normal Sizes in Variant
5" ACTCCCCGAAGAGGGGTTCAAGG 3’ .
5" CCAGCCTCCCAGGAGAGAGGAAG 3,} ........ G6PD Mediterranean Mboll 377, 119 277,119, 100
5’ TGTTCTTCAACCCCGAGGAGT 3’
5" AAGACGTCCAGGATGAGGTGATC 3,} ........ 1311 T/C Bcll 203 (T) 180, 23 (C)
3" CAGCCACTTCTAACCACACACCT 3 } .......... G6PD Orissa Haell 107,75, 66,48, 45, 11 123, 107, 66, 45, 11

5’ CCGAAGTTGGCCATGCTGGG 3’

found to be G6PD deficient (table 2). The percentage of
deficiency varied between different tribes, from 6% to
15%. Twenty-eight of the deficient samples were sub-
jected to more detailed enzyme characterization. The
enzyme in all of them appeared to be similar, with
~10%-20% of the normal enzyme activity and a nor-
mal electrophoretic mobility (table 3). DNA samples
from three G6PD-deficient individuals were analyzed by
DNA amplification followed by single-strand conforma-
tion analysis. The only abnormal mobility shift in all
samples was in the fragments containing exons III and
IV, which were then sequenced. All three samples had
a C—G mutation at nucleotide 131, compared with
G6PD B. This mutation predicts an Ala—Gly change at
amino acid 44. Because the mutation GGCC—-GGGC

Table 2

abolishes a recognition site for the enzyme Haelll
(GGCC), further samples could be tested for the muta-
tion by examination of the Haelll restriction pattern of
amplified exons III and IV (fig. 2). Twenty-one of the
remaining 25 samples were also found to lack the Haelll
site. The mutation 44 Ala—Gly was designated “G6PD
Orissa.” Of the 216 samples from scheduled castes from
Orissa, 8 were G6PD deficient; 5 of these were subjected
to DNA analysis, and all were found to have the Orissa
mutation.

Group Il

Of the 263 samples from the Baiga tribe in Madhya
Pradesh, 11 (4.2%) were deficient. Because of local
transportation difficulties, biochemical characterization

G6PD-Deficient Variants Found in Different Populations

Location, Population, and No. of No.
Tribal Name or Origin Samples Deficient Variant(s)
Orissa:
Scheduled tribes:
Bhuyan ....cccccecevuenene 204 30 (14.7%) 19/23 Orissa
Bhatudi ... 106 12 (11.3%)
Munda .... 104 14 (13.4%)
Santal ...... 53 6 (11.3%) 4 Uncharacterized (neither
Koda .... 56 5 (8.9%) Mediterranean nor Kalyan)
Saunti ... 52 4 (7.7%)
Juanga ........ccceunnee. 53 7 (13.2)
Ganda ....ccceeeieereennes _49 _3(6.1%)
Total ...ccveeeveennee. 677 81 (11.96%)
Scheduled castes:
Pana ......ccoovverenneennnn. 216 8 (3.7%) 5/5 Orissa
Madya Pradhesh:
Scheduled tribe:
Baiga .....ccccccvvrnenen. 263 11 (4.2%) 7/7 Orissa
Western London:
Urban:
Punjabi ....ccccevruerennene 332 11 (3.3%) 9/11 Mediterranean, 2/11 Kalyan
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Table 3

Biochemical Properties of G6PD Orissa

Am. J. Hum. Genet. 57:1335-1341, 1995

UTILIZATION OF ANALOGUES

RED-CELL  ELECTRO- (% of Natural Substrate)* K
ENZYME  PHORETIC
HEMOGLOBIN ACTIVITY MOBILITY G6P NADP KNADPH HEAT
G6PD (g/dl) (%) (%) 2dGe6P dNADP Galé6P (uM) (uM) (nM) STABILITY
Normal (B) .......... 14-16 100 100 74 +1.0(3) 604+90(3) 86+x10(3) 69+ 3° 12 = 2¢ 14 = 32 Normal
Orissa ..cocceeveenvenns 10-12 13-28 100 87+ 2(2) 848 +40(2) 153+x4.0(2) 135+19(2) 59=5(2) 44 =10 (3) Increased

NOTE.—dNADP = deamino-NADP; G6P = glucose-6-phosphate; 2dG6P = 2-deoxy glucose-6-phosphate; and Gal6P = galactose-6-phosphate. Nos. in parenthe-

ses are no. of duplicated experiments performed to calculate the given mean.
? From Bautista et al. (1992).

was not possible, and DNA could be extracted from
only seven of the samples. All of these samples were
found to have the Orissa mutation, by either SSCP or
Haelll analysis of amplified DNA.

Group Il

Of the 332 males living in western London who were
screened, 11 (3.3%) were found to be deficient. Of these,
nine had the G6PD Mediterranean mutation, and two
had the G6PD Kalyan mutation. The G6PD Mediterra-
nean samples were tested for the 1311 polymorphism,
and all had a C at this position.

The G6PD Orissa Mutation as Responsible
for G6PD Deficiency

The unexpectedly high frequency at which we found
the previously undescribed Orissa mutation encouraged
us to test whether this mutation, rather than a neutral
polymorphism, was indeed responsible for the enzyme
deficiency. Analysis of 11 nondeficient samples from the
Baiga tribe and of 6 nondeficient samples from three
of the Orissa tribes was performed by means of DNA
amplification and Haelll cleavage. None of the nondefi-

Exon 3 Exon 4

cient samples had the Orissa mutation. All of the coding
exons from one individual with the G6PD Orissa muta-
tion were completely sequenced, and only the 131 C-G
mutation was found. All of the G6PD Orissa alleles in
this study were tested for the 1311 polymorphism, and
all were found to be 1311T.

Biochemistry of G6PD Orissa

A full biochemical analysis of the new variant enzyme,
G6PD Orissa, is given in table 3. Apart from the red-
cell activity and electrophoretic mobility, this analysis
was performed on purified enzyme produced in a bacte-
rial expression system. We have shown elsewhere that
the enzyme produced in this system is indistinguishable
from the red-cell enzyme (Bautista et al. 1992; Town et
al. 1992). The most significant features of this analysis
are that the KNP of G6PD Orrissa is fivefold greater
than that of the normal enzyme and that the thermosta-
bility of the enzyme is increased.

Discussion

The major finding reported here is that a G6PD vari-
ant not previously encountered, which we have named

b

5
A 75 A A 107
A 66 A 107

G6PD B | 48
\

&

12

G6PD Orissa

Figure 2

a, Map of the PCR fragment of genomic DNA containing exons Il and IV, showing the position of the Haelll sites. A Haelll

site is lost in the G6PD Orissa mutant allele. b, Ethidium bromide—stained 3% agarose gel showing the Haelll-cleaved amplified fragment
containing exons Il and IV from G6PD B (lane C) and G6PD Orissa (lanes 1 and 2) males. Lane M, Molecular-weight markers. Lane U,

Undigested DNA.
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“G6PD Orissa,” is the major deficient variant in nine
tribal groups from southern India. Thus, of 35 G6PD-
deficient samples from groups I and II, 31 were G6PD
Orissa. By contrast, in these groups we have never found
G6PD Mediterranean, which accounts for most G6PD
deficiency in northern urban populations. This finding
fits well with the perception that there are two major
types of G6PD deficiency in India, a more serious type
and a milder type: it seems likely that the former corre-
sponds mainly to the G6PD Mediterranean (1%-3%
normal activity) and that the latter corresponds mainly
to G6PD Orissa (=10%) and possibly G6PD Kalyan
(~20%).

The distribution of G6PD alleles in India revealed by
this study is reminiscent of the situation found with B-
globin (reviewed in Nagel and Ranney 1990). In this
case, sickle cell anemia is almost entirely restricted to
the tribal groups, whereas urban populations have a
predominance of B-thalassemia mutations.

The tribal groups and scheduled castes, which are
mainly confined to southern India (Bhatia and Rao
1986), are isolated endogamic groups thought to be the
original inhabitants whereas the urban populations of
the north derive either from Aryan populations originat-
ing in central-southern Europe and invading India
around 1500 B.C. or from a group of Mongoloid extrac-
tion originating in Afghanistan and arriving in India
from the 14th century onward. In the case of the B-
globin gene, the B-S allele in tribal groups separated by
up to 2,000 miles and having no contact or communica-
tion of any kind was found to be on an identical haplo-
type (Labie et al. 1989), demonstrating the unicentric
origin of Indian tribal groups. Presumably, a unique B-
S mutation and a unique G6PD Orissa mutation oc-
curred at some time before 1500 B.C., when the ancestors
of the Indian tribal groups were a single interbreeding
population.

In the southern states of India, urban populations are
descendants of the aboriginals (Furer-Haimendorf
1982). Thus the sickle cell gene is widespread in Orissa
and not confined to tribal groups (Kar et al. 1987). A
recent study of an Indo-Mauritian population, derived
from both tribal and urban groups in central and south-
ern India (Kotea et al. 1995), confirms that in this popu-
lation G6PD Orrissa is the most common deficient allele
whereas G6PD Mediterranean is rare (J. Kaeda, unpub-
lished data), again suggesting similarities in the distribu-
tion of G6PD Orissa and the sickle cell gene. It would
be interesting to determine the frequency of both the
sickle cell and G6PD Orissa alleles in the scarce tribal
groups of northern India.

Our group III samples were from the large western
London Indian community, which settled here in the
1950s. They consist mainly of Punjabis, and in this pop-
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ulation we found a predominance of the G6PD Mediter-
ranean variant, which is widely dispersed throughout
the Mediterranean, the Middle East, and the Indian sub-
continent. The underlying mutation, 563 C—T, is found
in the context of two different haplotypes. The present
study confirms that, in the Indian subcontinent, G6PD
Mediterranean alleles usually are 1311 C (Beutler and
Kuhl 1990; Saha et al. 1994). By contrast, in Europe
and the Middle East, Mediterranean alleles usually have
a T at position 1311, although a cluster of G6PD Medi-
terranean with 1311C has been reported on the western
coast of southern Italy (Filosa et al. 1993). Perhaps fur-
ther haplotyping studies may eventually help to deter-
mine whether it is more likely that the Mediterranean
mutation has occurred recurrently or whether the two
haplotypes have arisen by interallelic crossing-over
events.

The G6PD Kalyan mutation has been previously iden-
tified in the Koli, a tribal group living near Bombay, and
also in Indians living in North America (Ishwad and
Naik 1984). We have now seen this mutation among
Punjabis in western London, and so, unlike G6PD Ori-
ssa, it has become widespread.

The three-dimensional structure of G6PD from the
bacterium Leuconostoc mesenteroides has recently been
determined (Rowland et al. 1994). This molecule is suf-
ficiently homologous (33% identity) to the human en-
zyme that it has been possible to deduce the major fea-
tures of the human structure, with a reasonable degree
of confidence (C. Naylor and M. Adams, personal com-
munication). In this model the residues involved in bind-
ing NADP (nicotinamide adenine dinucleotide phos-
phate) are a variant of the dinucleotide-binding
fingerprint GXGXXG or GXGXXA (Wieringa et al.
1986), namely GASGDLA, between residues 38 and 44.
The Orissa G6PD variant has a glycine instead of an
alanine residue at position 44. That a mutation of one
of these residues dramatically increases the KNAPF is con-
sistent with this peptide being involved in coenzyme
binding. The fact that glycine is the alternative residue
in the fingerprint may explain why the effects of this
mutation are relatively mild. More surprising is the find-
ing that the enzyme appears to be more stable than nor-
mal G6PD, whereas most deficient variants described to
date have lowered stability. It seems that in this case the
decreased coenzyme binding and consequent decreased
efficiency of G6PD Orissa can give red cells with proper-
ties that are sufficiently altered as to be relatively resis-
tant to malaria infection.
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