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ABSTRACT

Glucose-é-phosphate dehydrogenase <(G4PD) is an ubiquitous enzyme
which by determinig the NADPH level has a crucial role in NADPH-mediated
reductive processes in all cells (1). The structural gene for G&PD, Gd ,
is X-linked in mammals and on the basis of its expression in many tissues,
it can be regarded as a typical "housekeeping" gene (2). Over 300 variants
of the protein are Kknown, many of which have deficient enzyme activity.
Nearly 100 of these wvariants are polymorphic in various populations (3).
The mammalian enzyme is a homodimer or a homotetramer with a subunit
moleculat weight of ~ 56000 daltons (4). Here we report the isolation of
cDNA clones from HeLa cells, SV40-transformed human fibroblasts, human
placenta and human teratocarcinoma cell lines. These clones have enabled us
to sequence the entire coding region of Gd . Thus, the entire amino acid
sequence of human G4PD is provided for the first time. This work is the
first step for structural analysis of Gé4PD variants and for an
understanding of the biological features of this enzyme at the molecular
level.

INTRODUCTION
The human glucose-é-phosphate dehydrogenase gene, Gd , is of special
interest in human genetics because of its high rate of genetic

heterogeneity. Of the over 300 variants found around the worid nearly 100
are polymorphic in various populations. GéPD is the first enzyme of the
pentose phosphate pathway of glucose metabolism which produces pentose
sugars required for nucleic acid synthesis. At the same time G4PD produces
NADPH molecules required for a variety of biosynthetic and detoxification
reactions. G6PD deficiency in man can cause chronic non-spherocytic
hemolytic disease or acute hemolytic anemia triggered by ingestion of drugs
or fava beans. Despite the importance of G4PD, relatively few structural
studies have been reported (1,2,5).

In this paper we describe the isolation and sequence of cDNA clones
coding for human GéPD. The sequence of the protein has been derived by
extensive sequencing of clones isolated from different cDNA libraries. The
analysis of the cDNA sequence reveals particular features of the G4PD mRNA;
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the most notable is the presence of a long GC-rich 5’ non-coding sequence.
The isolation of the human clones described here is the starting point for
the characterization of the numerous existing G4PD variants.

MATERIALS AND METHODS

nin cDNA_librari A cDNA library prepared from HelLa cell mRNA
snriched for G&PD mRNA (é,7) was screened using as a probe the 17mer
AAéATGATGACNAAéAA deduced from the published peptide KMMTKK (3). The coleny
hybridization and washing of the filters were done according to published
procedures (8). The 170 bp insert of the clone pGD-H-IAIIl shown in Fig.1
was used for the screening of three cDNA libraries. The screening of 106
clones of the cDNA library made from SV40-transformed fibroblasts mRNA (9)
yielded 15 clones. 11 clones were found during the screening of 7x10s
phages of the human placenta cDNA library in Agtil (kindly provided by Dr.
F. Gonzales). The screening of Bxlos independent clones of the human
teratocarcinoma cell line <(Ntera2) (10> cDNA library in thlo made from
polvﬁ"-enriched cytoplasmic RNA (a generous gift of Dr. J. Skowronsky) gave
us 14 independent clones. Small scale phage DNA preparations were analyzed
by restriction mapping using standard procedures (11), The EcoRl insert of
the phage clones from placenta and teratocarcinoma libraries presented in
Fig.l were subcloned in pUC18 (12> for further analysis.

e ing. The nucleotide sequence of the clones from Hela and
fibroblast libraries was determined by the procedure of Maxam and Gilbert
(13). The sequence of the clones from placenta and teratocarcinoma was
determined by the dideoxy method (4) modified to sequence directly from the
plasmid pUCi8 <(Dr. M. Hattory and Dr. Y. Sakaki, personal communication).
Confidence in the correctness of the DNA sequence was obtained by
performing the sequence on two or more different cDNA clones from each

library.
Northern blot analygis. Total RNA from HLAD cells (15) was isolated by

cell 1ysis in 4 M guanidine thiocyanate and sedimentation through 5.7 M
CsC1 (16). PolyA™ RNA from placenta was a gift of Dr. F. Gonzales, polvﬂ*
RNAs from HeLa and choriocarcinoma cells (JEG) (17) were a gift of Dr. J.
Chou. PolyAt RNA was selected by chromatogrphy on oligo (dT) cellulose
(18). 5 mg samples were electrophoresed through a 1.5/ agarose gel
containing formaldehyde (19). RNA was transferred to nitrocellulose and
probed with nick-transtated (20) insert of clone pGD-P-2. After
hybridization at 65°C in Sx SSPE, 0.1% SDS, 2x Denhardt’s and 100 sag/ml
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E.coli DNA for 18 h, the filters were washed sequentially in 2x SSC, 0.1%
SDS and 0.2x SSC at 65°C for 1 h.

RESULTS
Isolation and analysis of cDNA clones

From the published partial amino acid sequence (5) we selected the
peptide K-M-M-T-K-K and the corresponding 17mers AAGATGATGACNAA&AA were
synthesized. The mixture of oligonucleotides was used to screen 4x10%
clones of a cDNA library prepared from a partially purified G6PD mRNA from
HeLa «cells (é,7). Among the four clones isolated only one having a 170 bp
insert (pGD-H-IAIII) (Fig.1) contained a sequence corresponding to the
amino acid sequence of G4PD (3>. In order to isolate the full coding
sequence for human GéPD, we used the insert of pGD-H-IAIIl to screen
several different libraries, as described in detail in Materials and
Methods and in the 1legend to Fig.1. Several clones were isolated and
analyzed by restrction enzyme mapping and Southern blot hybridization (data
not shown). Some representative clones are shown in Fig.1. The size of the
major species of GAPD mRNA determined by Northern blot experiments is about
2,600 nucleotides (Fig.2>.

Nucleotide sequence of human G4PD cDNAs

The sequence of 2624 nucleotides (Fig.3) was obtained using both
chemical (13) and enzymatic (14> sequencing methods on clones from the
three different Jlibraries. Each segment was sequenced at least twice. The
coding sequence <(residue 1 to residue 1440 in Fig.3) was determined more
than twice and on each of two or more independent clones, to reduce the
possibility of cloning artefacts.

In the 1longest clone isolated the 5’ wuntranslated region of G4PD
consists of 577 nucleotides and it contains 8 ATG codons which are out of
the G4PD translation frame. It is also unusually GC-rich (73.3%4), with two
subregions more than 80% GC-rich (underlined in fig.3). It is interesting
to note that several of these features are also present in other
housekeeping genes (21). The +first ATG triplet upstream to a long open
reading frame was judged to be translation initiation site and it was
assigned position No. 1. The sequence -STCATCATG+3 boxed in Fig.3 is in
good agreement with the consensus sequence for eukaryotic translation
initiation sites (22).

The function of the 5 non-coding region of mRNA is still unclear. The
length of this region wvaries from just a few nucleotides to 729 residues
(21). No particular sequence has yet been found common to all 5° non-
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Legend to Figure 1., Restriction map and sequencing strategy of the cDNA
clones. 4
a) The 16 possible 17mers AAé ATGATGACNAA AAA were used to screen 4x10
clones of a cDNA library prepared from HeLa cells mRNA-enriched for GéPD
mRNA  (4,7). The 170 bp insert of the clone pGD-H-1AI1Il was used for the
screening of three libraries as described in Materials and Methods. Some
representative clones from the cDNA 1libraries of liuman fibroblasts (9),
human placenta and human teratocarcinoma (Ntera2) (10) are presented in the
Figure.
b)> Sequencing strategy. The nucleotide sequence of the clone from Hela
cells and fibroblasts (—=), from placenta (—) and teratocarcinoma cells
(=*) was determined as described in Materials and Methods.

c) Schematic representation of the cDNA corresponding to the mRNA coding
for the Gé&PD.
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Legend to Figure 2. Northern blot analysis of human Poly at RNAs with
G4PD-specific cDNA probe.

5 ag samples of P017A+ RNA from placenta, HeLa, choriocarcinoma (JEG) cells

(17> and total RNA from HL40 cells (15) were electrophoresed trough a 1.5%

agarose gel containing formaldehyde (19). RNA was transferred to

nitrocellulose and probed with a nick-translated (20) insert of clone

pGD-P-2. The position of 185 and 285 rRNA are indicated in the Figure.
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agggacagcccagaggaggegt -501
88cggEgasaccggacagtagggy 888 tggggatgcaga  -401
RCaBCRRCARCERRLatggCagRCACCRRCRRRCCRRCCLCCARCRC aggggctggectgggat gecctegee  -301

c82 cegecccgeacgeccgel ceget 8ccg: -201
taaatggRCccRRCERBRCtcagecccegg t atggcag 101
agcaggt ct tee gcttccatcagt t tattcatcate - 1
ATq}GTGCATCGGGTGACCTCGCCMGMGMGATCTACCCCAL\.A CTTCTGCCCGAAAACACCTTCATCGTGGGCT 100

K I WWULFRDGLULPENTTFTIVG
ATGCCCGTTCCCGCCTCACA TCTTCAAGGCCACCCC TCA TTCTTTGC 200
Y ARSRLTVADTIR K Q S EPFFKATPETESZ KTLTEKTLETD F
CCGCAACTCC TGCAGC ATGCCCTCCACC CAGGCCAACCGC 300
R NS YV AGOQYDDAASYRQRL N S HMNALUHTLGSAOQANR
CTCTTCTACCTGGCCTTGCCCCCGACCGTC TGCATGAGCCAGATAGGCTGGAACCGCATCATCGTGG 400
L FYLALPPTVYEAV T K N I HESCMS QI G WNRTITIWV

AGAAGCCCTTCGGGAGGGACCTGCAGAGCTCTGACCGGCTGTCCAACCACATCTCCTCCCTGTTCCGTGAGGACCAGATCTACCGCATCGACCACTACCT 500
E K P FGRDILO QSSDRTLTSNIHTISSLFRETDT CGTIYR_IDHYL

GGGCAAGGAGATGGTGCAGAACCTCATGGTGCTGAGATTTGCCAACAGGATCTTCGGCCCCATCTGGAACCGGGACAACATCGCCTGCGTTATCCTCACC 600
G _K Q NLMVLRFANRTITFGPTI®WNRDNTIACVILT

TTCMGGAGCCL'TTTGGCAL TTTCGATGAATTTGGGATCA CCTCATGCAGMCCACCTACTCC‘GATGCTGTCTC 700
F X EPF TEGRGGYFDETFGCTITIR VM QNHLLOQMLC
TGGTGGCCA CCGCCTCCACCAACTCAGATGA AGGT lbAMTCCATCTCAGAGGTGCAGGCCMCMTGT 800
LV AMETKTPASTNSDDVRDEZKY/V K v K C 1 S EV QANNWV
GGTCCTGGGC ACC CACCAAAGGGTACCTGGACGACCCCACGG' 'CCACCACCGCCACT 900
VLGQYVGNPDGETGEHATIKGYLDDPTVFPRGSTTAT
TTTGCAGCCGTCGTCCTCT! TCATCCTGCGCTGCGGCAAGGCCCTGAACGAGCGCAAGGCCGAGGTGA 1000
F AAV VLYVENERWDGVZPTFTILRTECGEKHALNETRIEKHAEWV
GGCTGCAGTTCCATGATGTGGCCGGCGACATCTTCCACCAGCAGTGCAAGCGCAACGAGCTGGTGATCCGCGTGCAGCCCAACGAGGCCGTGTACACCAA 1100
R'LQF HDV AGDTITFHOQQCKRNETLUVIRVQPNEARKWVYTK
GATGATGACCAAGA. TCTTC o CCTGACCTACGGCAACAGATACAAGAACGTGAAGCTCCCTGACGCC 1200
M T KK P GMFTFNPETESETLDLTYGNRYZKNVKTLFPDA
TACGACCGCCTCATCCTGGACGTCTTCTGCGCGAGCCAGATGCALl TC( \GCGA TGGCGTATTTTCACCCCACTGCTGC 1300
Y E R S QMHFVRSDETLREHAWRTITFTPLL
ACCAGATTGAGC TCCCCTATATT ACGGAGGCA TTCCAGTA 1400
H QI ELEK P K P I PYT1TYGSRGPTEA AWDETLMEKTPRVYVGFQY
TGAGGGCACCTAC/ CCCCACAAGCTCt. cctt 1500
E G T Y K W VNPHEKIL
- cgetgetgetact 1600
.cuc.uccu:a.ct;ccngc.ct:g-gnccn:u“cccctccqac:u;cc(pgccu"uctqntucctcctccauucu:cagccc 1700
cgtetgt tgggt cagggg 1800
ct e tgacattccttgt tcgage 1900
ccectagatgteccctge ct tctgetat g 2000
nlccccl(ccaacctcutgcccch uau).:cgcuua-cc(a),. 2047
yadenylation signal

Legend to Figure 3. Nucleotide sequence of cloned cDNA encoding the human
G4PD.

Nucleotide residues are numbered in the 5’ to 3’ direction beginning with
the first residue at the ATG triplet encoding the initiation methionine. The
nucleotides on the 5’ side of the residue 1 are indicated by negative
numbers; the number of the nucleotide residue at the right end of each line
is given. The deduced amino acid sequence in one letter notation is shown
below the nucleotide sequence. The peptide that is homologous in human and
yeast G&PD <(see Table 1II) is wunderlined. The consensus sequence for
eukaryotic translation initiation site (22) and the polyadenylation signal
(37) are boxed in. GéPD activities and electrophoretic mobilities of the
human fibroblasts and teratocarcinoma cells (10 and data not shown), were
in the normal range for G4PD-B.

coding regions, except for a loose complementarity to a region of the 18S
rRNA. Fig.4 illustrates a possible stable predicted hairpin-loop structure
of G&PD mRNA at position -25 from translation start and hypotetical
interaction with the 3 end of 185 rRNA. It has been proposed that this
interaction may function in initiation or presumably in the regulation of
translation (23). The 3’ untranslated region of G&PD mRNA is also unusually
GC-rich (é4.1%4) when compared to other eukaryotic mRNAs. A non-canonical
polyA addition site ATTAAA is located 13 bases upstream from the poly(A}
tail (Fig.3>. A high GC content (59.54) characterizes also the coding
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Legend to Figure 4. Possible secondary structure of G4PD mRNA.

Hypothetical interaction between a possible hairpin-loop structure in the 5’
untranslated region of GSPD mRNA and the 3’ end of 185 rRNA. The stability
of the stem of the structure and the association with 185 rRNA were
calculated by the method of Tinoco et al. (38). The AUG starting of the
translation is underlined.

portion of the GSPD mRNA. This result in a considerable deviation from the
codon wusage reported in the literature (249), based on a sample of 13,000
nucleotides of coding sequences correspoding to 22 proteins. Table I shows
the codon wusage for G6PD (column c) and for the random sample (column d).

Table 1

F b [4 d ES b [ d 3 b c d EY b c d

TTT Phe 35 17 TCT Ser 17 4 TAT Tyr 47 33 TGT Cys 30 14
TTC Phe 45 83 TCC Ser 26 40 TAC Tyr 53 77 TGC Cys 70 85
TTA Leu 5 0 TCA Ser 1t 13 TRA End 0 0 T6GA End 100 100
TT6 Leu ? 4 TCG Ser 7 9 TAG End 0 0 TGG Trp 100 100

CTT Leu 11 2 CCT Pro 24 4 CAT His 42 9 CGT Arg ? 18
CTC Leu 22 28 CCC Pro 41 79 CAC His 58 90 CGC Arg 19 55
CTA Leu 7 2 CCA Pro 24 8 CAA GIn 26 0 CGA Arg 10 3
CT6 Leu 46 63 CCG Pro 11 8 CAG GIn 74 100 CG6 Arg 15 14

ATT Ile 23 15 ACT Thr 20 10 AAT Asn 34 12 AGT Ser 11 4
ATC Ile 64 80 ACC Thr 47 75 AAC Asn 466 88 AGC Ser 29 27
ATA 1le 13 3 ACA Thr 21 S AAMA Lys 45 10 AGA Arg 24 11
ATG Met 100 100 ACG Thr 12 10 AAG Lys 55 89 AGG Arg 23 14

GTT Val 13 3 G6CT Ala 31 10 GAT Asp 38 33 GGT Gly 1S 13
GTC Val 27 24 GCC Ala 44 75 GAC Asp 62 77 GGC Gly 44 54
GTA Val 9 0 GCA Ala 17 13 GAA Glu 40 S5 66GA Gly 17 3
GT6 Val 50 72 GCG Ala 12 0 GAG Glu 40 94 GGG Gy 24 29

a, codon; b, amino acid; c, per cent codon utilization in a sample of human
proteins (24); d, per cent codon utilization in human GéPD.
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Legend to Figure 5. Comparision between the amino acid sequence deduced
from cDNA and published one (5).

The 1line represents schematically the amino acid sequence deduced from
cDNA., Vertical bar symbols indicate Arg and Lys residues delimiting the 4%
hypothaical tryptic peptides (3 and more a.a. long) ‘numbers below the
line). We have numbered the tryptic peptides of the published amino acid
sequence (5) considering only the one, whose sequences are reported as
definitive (numbers above the line). DOf these, 34 out of 46 match with the
sequence present in this paper. It is to be noted that the N terminal
peptide deduced from cDNA is the 14th peptide obtained from the tryptic
peptide sequencing. The N —terminal peptide of the previously published
protein sequence occupies the 9th position in the protein deduced from the
cDNA.

The most evident differences are seen with respect to the codons CAC and
GAC.
Analysis of the amino acid sequence

The deduced amino acid sequence (in one letter notation) of G&4PD is
shown in Fig.3 below the nucleotide sequence. The predicted polypeptide
consists of 479 amino acids and corresponds to a molecular weight of 55,124
daltons, in good agreement with previous reports (1). The sequence of
several peptides of human G4PD has already been reported (5,25). As shown
in Fig.5, the G4PD sequence deduced from the cDNA agrees with individual
peptides of the published sequence (5). The two sequences differ markedly
in their overall arrangement (described in detail in the legend to Fig.5).
Because of the different methodologies used in DNA and protein sequencing,
we consider the DNA-based sequence more likely to be correct.

It has been reported that the amino terminus of GSPD is blocked to
Edman degradation (26-28). From our data, the predicted sequence of
terminal peptide is M-G-A-S-G-D-L-A-K. Indeed, this peptide was identified
in G6PD (5). We are carrying out the analysis of the protein at the NHo-
end of G4PD to define if post-translational modification occurs after the
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Table I1I
Similarities between yeast and human G&PD
Yeast 1 D H Y L G K E L v K
* *
Human 1 D H Y L G K E M V [¢]
cDNA ATC GAC CAC TAC CTG GGC AAG GAG ATG GTG CAG

Reaction of veast G6PD with acetylsalicylic acid results in the
inactivation of the enzyme and modification of only one lysine residue per
subunit (30>, The modified 1lysine is underlined. The difference in amino
acids are marked by asterisks. The nucleotide sequence of the corresponding
human cDNA 1s presented under the amino acid sequence.

synthesis., Two different C terminal peptides have been previously reported
for G6PD (5,25,29). The sequence of G4PD derived from the cDNA sequence
agrees with the C - terminal peptide sequence published by De Scalzi-
Cancedda et al. (25).

An  11-residues tryptic peptide from Saccharomyces cerevisiae (30)

and an 8-residues peptide +from Leuconostoc mesenteroides (31) are the
only available data on the sequence of G&PD from other species. StrikKingly
similar are the <cequences of Baker’s yeast G&PD peptide, which contains a
lysyl residue essential for catalytic activity (Table 11), and the peptide
underlined in Fig.3. Both differences betweeen the two peptide sequences
can be accounted for by two single base pair changes. An identical peptide
tunderlined in Fig.3) is present also in the amino acid sequence derived
from the nucleotide sequence of Drosophila melanogaster <(J.F. Manning,
personal communication). In addition, considerable sequence homologies

exist also in other regions of the human and pDrosophila GéPD (preliminary
results).

DISCUSSION

The amino acid sequence of the human G64PD provided here has been
deduced by extensive sequencing of the coding region of cDNA clones derived
from three different sources. Even if the sequence per se does not show
any particular feature for the localization of the functional sites, G4P
and NADP binding sites, comparison with the sequence of deficient variants
and with G6PD of other species will help in the clarification of the
structure of the GSPD. This analysis will be important for the understanding
of the biological features of this enzyme.

The nucleotide sequence reported in this paper corresponds to the
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longest isclated clone (pGD-T-5B). The GGCGGG hexanucleotide regarded as
characteristic of the SV40 promoter region, occurs five times in the 5/
untranslated region and its complement CCCGCC occurs four times. These
sequences have been observed also in the promoter region (35) as well as in
the 5° UT region (36) of several other genes. Sq mapping and primer
extension experiments are in progress to define the 5 end of mature G4PD
mRNA .

It is to be noted that the 3° end of the cDNA described in this paper
is different from the one previously reported (pGDé405), selected on the
basis of its ability to hybridize to G4PD mRNA (4,7). The insert of the
cione p6Dé405 was used to isolate genomic DNA clones (32 and data to be
published elsewhere) and was shown to be located on Xq28 where Gd is
mapped (33,34). We have now estabilished that the cDNA presented here and
the clone pGDé40S, both single copy perhaploid genome, are located on the
genomic DNA clones about 40 kb apart (data to be published elsewhere). The
identification of pGD&40S as a Gé&PD <clone allows many possible
2xplanations, For istance, a common transcription unit starting upstream of
the Gd gene can be hypothesized; alternative processing of this common
transcript would result in an mRNA containing the GéPD coding portion and

different 3 untranslated regions.
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