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Abstract

Different forms of glucose-6-phosphate dehydrogenase (G-6-
PD) have been described in different tissues. Moreover, the
directly determined amino acid sequence amino end of the red
cell enzyme does not exactly match the sequence deduced from
cDNA isolated from HeLa cells or lymphoblasts. Wehave
therefore investigated the sequence of cDNA from sperm,
granulocytes, reticulocytes, brain, placenta, liver, lymphoblas-
toid cells, and cultured fibroblasts.

A novel human cDNA, which has extra 138 bases coding
46 amino acids, was isolated from a lymphoblastoid cell li-
brary. Sequencing of genomic DNAamplified by the polymer-
ase chain reaction (PCR) revealed that the extra sequence was
derived from the 3'-end of intron 7 by alternative splicing. This
longer form of mRNAwas also detected in sperm and granulo-
cytes. Sequence analysis using PCR-amplified cDNA revealed
that the 5'-end of the coding sequence of G6PDmRNAin
reticulocytes is identical to those in other tissues.

Introduction

Recently the structure of human glucose-6-phosphate dehy-
drogenase (G6PD'; D-glucose-6-phosphate: NADP+oxidore-
ductase, EC 1.1.1 49) has been extensively elucidated. The
complete amino acid sequence (1), nucleotide sequence of
cDNA (1, 2) and partial genomic DNA sequence (3) have
already been published. Very recently single base substitutions
have been disclosed in several G6PDvariants (4-6).

Although G6PDis a single copy X-linked gene, some vari-
ability of the enzyme in various tissues has been noted. A
G6PDisozyme has been described in human fetal brain (7)
and some microheterogeneity has been noted in other tissues
(8, 9). Such differences have generally been ascribed to post-
translational modification of the enzyme. However, recent
study of G6PDcDNAby molecular cloning has suggested the
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existence of multiple forms of human G6PDmRNAthat may
produce multiple forms of enzyme protein. We isolated two
different forms of G6PDcDNA from human EBV-trans-
formed lymphoblastoid cells (5). Moreover, discrepancies be-
tween the amino acid sequences of the amino end of normal
red cell G6PDdetermined directly from peptides (1) and that
deduced from the nucleotide sequence (2) might suggest the
existence of further different forms of G6PDin the human red
cell. These different forms of G6PDappear to be generated by
the alternative splicing of the same gene transcript (5).

Recent development of a DNAamplification technique
using the polymerase chain reaction (PCR) (10) has made it
possible to detect different forms of mRNAwith great sensitiv-
ity. We present the evidence that previously described two
different forms of cDNA (5) are generated by alternative splic-
ing of same gene transcript. The structure of the 5'-end of the
coding region of human reticulocyte G6PDmRNAis also
reported.

Methods

Enzymes and chemicals. Avian myeloblastosis virus reverse transcrip-
tase was obtained from Molecular Genetic Resources. Other enzymes
were from New England Biolabs, Beverly, MA. Oligo(dT)-cellulose
and RNase H were from Pharmacia Fine Chemicals (Piscataway, NJ)
and 32P-labeled nucleotides were from NewEngland Nuclear Research
Products (Boston, MA). Other reagents used were of analytical grade.

cDNA libraries. The following cDNAlibraries from various human
tissues were used. All were constructed by a standard method (1 1). (a)
EBV-transformed lymphoblastoid cells with G6PDA(-), in XGT1O
(5), (b) EBV-transformed lymphoblastoid cells cultured from a patient
with G6PDRiverside (12), in XGT1O, (c) normal human fibroblast, in
XGTI 1, (d) normal adult cortex, in pGEM4, a gift from Dr. Gabriel H.
Travis (Research Institute of Scripps Clinic), (e) normal liver, in
XGTI 1, (f ) normal placenta, in XGT11.

Preparation of poly(A)+RNA and cDNA synthesis. Granulocytes
and sperm were obtained from a normal male. Granulocytes were
purified by 2% dextran-saline sedimentation combined with Ficoll
barrier gravity sedimentation. Reticulocytes were obtained from a fe-
male patient with hemolytic anemia whose peripheral reticulocyte
count was 23%. Whole blood was purified by filtration through an
a-cellulose-microcrystalline cellulose column (13). Contamination by
leukocytes in the final preparation was estimated as 1-14,000 reticulo-
cytes. Total RNAwas extracted by the guanidine thiocyanate method
(14) and poly(A)+RNA was prepared by oligo(dT)-cellulose column
chromatography (15). First and second cDNA strand synthesis was
carried out by the method of Lapeyre and Amalric (16). A synthetic
17-mer oligonucleotide (Primer 8 or 10) corresponding to a unique
sequence in G6PDcDNAwas used as the primer (Table I).

DNA amplification. The first-strand cDNA synthesized from
mRNA,double-stranded cDNAin libraries, and genomic DNAcon-
taining the target sequence were amplified by PCR (10), with Taq
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Table I. Sequence of Oligonucleotide Primers

cDNANucleotide
Primer Sequence numbers

4 5'-GGGCTCACTCTGTl-lGC 258-242*
6 5'-CAGGTAGAAGAGGCGGT 420-404*
7 5'-CATCATCGTGGAGAAGC 498-514
8 5'-CACCATCTCCTTGCCCA 624-608*
9 5Y-CGCCTGCGTTATCCTCA 691-707

10 5'-TGGTTCTGCATCACGTC 788-772*

* Prime synthesis of the bottom strand.

polymerase (17) according to a protocol by Chehab et al. (18) using
primers in Table I. To determine the nucleotide sequence of reticulo-
cyte G6PDcDNA, 100 ng of blunt-ended, double-stranded cDNA
were circularized intramolecularly before PCRby incubating at 4VC
for 14 h with 800 Uof T4 DNAligase in 10 ,g of 50 mMTris-HCI (pH
8.0), 7 mMMgCl2, 1 mMdithiothreitol, and 0.5 mMATP. The
amplified DNAsegments were separated by 5 or 8% polyacrylamide
gel electrophoresis and visualized by ethidium bromide or silver stain
(19). For nucleotide sequencing, amplified DNAwas removed from
the gel and sequenced by the chemical cleavage method (20) and/or the
dideoxynucleotide chain terminating method (21) with slight modifi-
cation (22).

Results

Nucleotide sequence of intron 7. The entire sequence of intron
7 from genomic DNAof G6PDB(+) and G6PDA(-) males
was amplified using primers 9 and 10 (Table I). The amplified
463bp-segments were separated by 5% PAGEand sequenced
(Fig. 1). Except for the 174th base, which was T in G6PD
A(-), the nucleotide sequences of both amplified DNAswere
identical and consistent with the published partial sequence
(3). The 138 bases in the 3'-end of intron 7 were identical to the
extra sequence found in a G6PDA(-) cDNAclone A-7 (5). A
3'-AG acceptor with a consensus splicing sequence (23) was
succeeded immediately by this sequence. This strongly sug-
gests that the extra sequence in the cDNAclone A-7 is derived

GTGAGAGCTCTTCCTCTCTCCTGGGAGGCGGGCACAGGGTGGCAGAGCCA 50

GTCACCCTGCAGGGCTACTCTTCCCTATCTTGCGGCAGCTCCTCCTCACC 100

CTGCAGTTCAAAACCTAAGTGTCTGAGCTATCAGACCGGGCTGGAAAGGC 150

TGGACCCCTACACAGCCAAGCACCCCACGGTTTTATGATT CAGTGATAGC 200

ATCACCATGTCCTTCCTTGATTTAAG [GGCA CCT GGA AGA CAA GGG 245
Gly Pro Gly Arg Gln Gly

GGA TCA GGA AGT GAG TCT TGC AGC TTG TCA CTA GGA AGC CTT 297
Gly Ser GlY Ser Glu Ser Cys Ser Leu Ser Leu Gly Ser Leu

GTT TGG GGT CCC CAT GCC CTT GAA CCA GGT GAA CAG GGC GGG 349
Val Trp GlY Pro His Ala Leu Glu Pro Gly Glu Gln Gly Gly

GAG CTA AGG CGA GCT CTG GCC TCT TCC GTC CCC AG] 384
Glu Leu Arg Arg Ala Leu Ala Ser Ser Val Pro Ar(g)

Figure 1. Nucleotide sequence of intron 7 of normal human G6PD
gene. The deduced amino acids in extra coding sequences are shown
below. The nucleotide sequence in brackets is an extra sequence
found in a G6PDcDNAclone. The amino acid sequence that ap-
pears to be compatible with the PEST region (25) is underlined.
*A base change C -- T found in a G6PDA(-) subject.

from intron 7 by alternative splicing. The amino acid sequence
by these 138 bases is characterized by its richness in glycine
(21.7% vs. 6.4% in the whole G6PDsequence) and serine
(17.3% vs. 4.7%).

Tissue distribution of different forms of G6PDmRNA. To
examine the tissue distribution of the different forms of G6PD
mRNA,corresponding DNAsequence was amplified by PCR
using primers 9 and 10 from first-stranded cDNA prepared
from granulocytes, reticulocytes, normal lymphoblastoid cells
and sperm or double-stranded cDNA in cDNA libraries from
liver, placenta, fibroblasts, and lymphoblastoid cells. Each
amplified segment was separated by 8% polyacrylamide gel
electrophoresis (Fig. 2). As summarized in Table II, in all the
tissues examined a 99-bp fragment derived from normal splic-
ing was dominant. Additional 237-bp fragments derived from
a different splicing were detected only in samples from granu-
locytes, sperm, and lymphoblastoid cells. The 237-bp band of
normal lymphoblastoid cell sample was very faint. Approxi-
mation by densitometry showed that the content of the 237-bp
splicing product represented < 3% of the 99-bp splicing
product.

Structure of the coding region of reticulocyte G6PDcDNA.
To examine the existence of different forms of mRNAin
human reticulocytes, cDNAcorresponding to the 5'-half of the
coding sequence was synthesized using 5'-phosphorylated
primer 8 and circularized by T4 DNAligase (see Methods).

Under these conditions some concatemers should have
been formed as well as circular forms. Fig. 3 shows the location
of sequences corresponding to each primer. The target DNA
sequence was first amplified using primers 6 and 7. The length
of amplified segments ranged from 40 to 1,500 bp (data not
shown). The fragments of 800-1,000 bp, which might contain
enough long target sequence, were removed from a gel and
used as templates for re-amplification using 5'-labeled primer 4
and unlabeled primer 7. Amplified DNAwas separated by 5%
PAGEand well-isolated bands on the autoradiogram were re-
moved from the gel. The sequencing of these 5'-labeled DNAs
by the method of Maxamand Gilbert (20) revealed that several
amplified DNAcontained entire coding sequence 5' to the site
of primer 4 and the nucleotide sequence was identical with a
published sequence by Persico et al. (2).

Discussion
Alternative splicing of gene transcripts is now recognized as

one of the most important mechanisms of regulating expres-
sion of proteins developmentally or tissue specifically. It is
considered to be fairly commonand more than 50 genes are

S G R L L C' B P Li F m Figure 2. Tissue distribution of
bp - two forms of human G6PD

237~ I mRNA. DNAsequences were
2 amplified from G6PDcDNA

- , .,, ~ lfrom various tissues using
99_ Now primers 9 and 10. Each DNA

segment was separated by 8%
PAGEand visualized by silver

staining. Lanes: S, sperm; G, granulocyte; R, reticulocyte; L, lym-
phoblastoid cell with normal G6PDB(+); L', lymphoblastoid cell
with G6PDRiverside; L", lymphoblastoid cell with G6PDA(-); B,
brain; P, placenta; Li, liver; F, fibroblast; and m, Msp I digest of
pBR322 DNAfor a size marker.
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Table I. Summary of Alternative Splicing of HumanG6PD
mRNAin Various Tissues

Tissues Type of G6PD 99 bp-band 237 bp-band

Sperm B(+) ++ +
Granulocytes B(+) ++ +
Reticulocytes B(+) ++
Lymphoblastoid cells B(+) ++ +
Lymphoblastoid cells Riverside ++ +
Lymphoblastoid cells A(-) ++ +
Brain B(+) ++
Placenta B(+) ++
Liver B(+) ++
Fibroblasts B(+) ++

Alternative splicing of G6PDmRNA.

known to generate multiple forms of protein using alternative
splicing (24). Previously we reported a G6PDcDNAclone that
has extra 138 bases coding 46 amino acids (5). In the present
study we confirmed that this extra coding sequence was de-
rived from intron 7 of G6PDgene and was preceded by a
3'-AG acceptor with a consensus splicing sequence (23). These
findings strongly suggest that two types of mRNAwith differ-
ent coding sequences were generated by an alternative splicing
of the 7th intron of the G6PDgene.

Although the longer form of G6PDcDNA clone was first
found in a cDNA library from a Black male with G6PDA(-),
the present study of its tissue distribution revealed that this
type of mRNAor cDNAwas not specifically related to G6PD
A(-) variant nor to lymphoblastoid cells. It was detected in
granulocytes and sperm as well as lymphoblastoid cells. Per-
sico et al. (2) performed Northern blot analysis for G6PD
mRNAfrom various tissues and reported the existence of only
single species of G6PDmRNA. However, the extremely low
content of the longer form mRNAmight not allow it to be
detected by conventional technique other than the DNAam-
plification by PCR.

The mRNAwith extra coding sequence should generate an
enzyme protein with 561 amino acids whose molecular weight
is - 9%higher than the commonG6PDmonomer. Although
this difference in molecular weight might make it possible to
separate these two types of G6PDprotein by SDS-PAGE, there
has so far been no report of detecting the longer form of G6PD
protein. Wehave carried out SDS-PAGEof leucocyte G6PD
followed by immunoblotting analysis. However, only the
common form of G6PDwas detected (unpublished observa-
tion).

Figure 3. DNAamplifi-
cation and sequencing
strategy of human retic-
ulocyte G6PDcDNA.

5w7 3' (A) Location of target
A 8 sequence (open bar)

and each primer. Direc-
tion of nucleotide chain

B t - 1OObp extension is indicated
by arrows. (B) Circular

'7 form.

What is the function of the longer form G6PD?Consider-
ing the very low content of the mRNA, it might rather be
regarded as a nonfunctional remnant of cell differentiation
process than an active functioning enzyme even if it is trans-
lated normally. According to the PEST hypothesis proposed
by Rogers et al. (25), the amino acid sequence of proteins with
short intracellular half-lives contain one or more regions rich
in proline, glutamic acid, serine, and threonine (PEST region).
The serine rich region in the extra portion of the long G6PD
(4th Arg to 25th His in Fig. 1) appears to be compatible with
the PEST region. It is well known that in some tissues the
switching of isozyme pattern occurs during maturation or ma-
lignant transformation of cells (26, 27). It is possible that simi-
lar switching of G6PDisozyme occurs in some tissues, and the
longer G6PDis the more unstable form dominant in imma-
ture cells.

The discrepancy between the amino acid sequence in
amino end of human red cell G6PDprotein (1) and that de-
duced from cDNAsequence (2, 5) is an unsolved puzzle. Since
the nucleotide sequence was determined by using cDNA from
tissues other than erythroid cells, it seemed possible that a
different form of G6PDmRNAexisted in those cells. The
existence of a red cell-specific G6PDis reasonable considering
the unique feature of red cell metabolism. One possible mech-
anism of generating these different mRNAmight be an alter-
native splicing of exon 2 in G6PD. We obtained amplified
DNAsegments corresponding to exon 2 using the PCRtech-
nique and revealed that the nucleotide sequence was identical
to those of other tissue G6PDcDNA. This may suggest that at
least at the reticulocyte stage mRNAfor a red cell specific
G6PDis not a product of alternative splicing of exon 2.
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