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SUMMARY

Electrophoretic screening of glucose-6-phosphate
dehydrogenase (EC 1.1.1.49, G6PD) was con-
ducted on a sample of 9,260 children born to the
atomic bomb survivors in Hiroshima (Honshu)
and Nagasaki (Kyushu). The prevalence of
electrophoretic variants was 0.11% in males
and 0.42% in females in Hiroshima, and 0.16%
in males and 0.31% in females in Nagasaki.
Enzymological characteristics of 10 variants
obtained from 3 males and 7 hemizygous fathers
of heterozygous females were examined. As a
result, three new types of G6FPD variants were
identified among five variants detected in
Hiroshima, and three new type. among five
variants in Nagasaki. All the varianis except

one belonged to Class 3, as defined by Yoshida
et al.!

INTRODUCTION

The first paper in this series describes the purpose
of the study and circumstances under which
the study was performed.”? Here we report
the results of electrophoretic screening for
G6PD variants in a total of 9,260 children
from Hiroshima and Nagasaki, and the results
of a detailed examination of the enzymological
characteristics of hemizygous G6PD varants
detected through family studies of children
having variants with abnormal migration rates.
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MATERIALS AND METHODS

This study was made on a subsample of the
population examined in the investigation of
the effects of radiation upon protein structure
in children of A-bomb survivors conducted by
RERF.>% The subsample included a total of
9,260 children born to proximally and distally
exposed survivors. (Proximally exposed survivors
were within 2,000 m of the hypocenter; distally
exposed survivors were more than 2,500m
distant and received essentially no radiation.)
Since no measurable genetic effect related to
the exposure experience of the parents was
observed,? data obtained from the two groups
were combined. All of the variants, except
two cases without complete family study, were
confirmed to be inherited since the same variant
was detected in at least one other relative of the
propositus.

Blood Samples and Preservation

Venous blood samples were collected into test
tubes containing either of two anticoagulants,
ethylenediamine tetraacetic acid (EDTA) or acid
citrate dextrose (ACD). The EDTA-samples
were used for testing the routine hematologic
parameters by the method of Dacie and Lewis,”
and the ACD-samples, for electrophoretic
studies. Erythrocytes to be used for electro-
phoresis were washed three times in physiological
saline following removal of the buffy coat, and
preserved in liquid nitrogen in Hiroshima and
at —70°C in Nagasaki, until tested.

Hemolysates for polyacrylamide gel electro-

phoresis (PAGE) and starch gel electrophoresis
(SGE) were made by diluting 1 volume of the
1:1 diluted hemolysates® with 9 and 3 volumes,
respectively, of the hemolysing solution used in
the standardized WHO methods.

Electrophoretic Screening

At the beginning of screening, electrophoresis
was carried out on some 1,800 samples with
0.1 M phosphate buffer, pH 7.0, as bridge
buffer and a 1/10 diluted solution as gel buffer,’
employing two types of media, starch gel and
polyacrylamide gel, for the same sample. Because
no significant differences between the two media
in the detection of electrophoretic variants
were found, PAGE was employed in subsequent
screening. However, SGE was also used for
samples showing ambiguous or abnormal
migration rates in the PAGE screening. The
final decision whether the G6PD of a child was
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normal or abnormal was made on the basis of
migration observed on the starch gels made from
three different kinds of buffer solutions described
in the next section.

Polyacrylamide gels approximately 1 mm thick
were prepared from 4.75% acrylamide, 0.25%
of methylenebisacrylamide, 0.25% of tetra-
methylethylenediamine (TEMED), and 0.375%
of ammonium persulfate solution in final
concentration of w/v. The gels were dialyzed
for several hours in a large quantity of circulating
distilled water at 4°C. After equilibration for
about four hours in a gel buffer, electrophoresis
was carried out for two hours under a constant
voltage (10 V/cm) at 4-6°C, after which staining
for G6PD activity was performed.

Family Study and Enzymological Characteristic
Test

For children in whom an abnormal migration
rate was confirmed by a repeat determination,
a fresh heparinized blood sample was collected
from the propositus and also from the parents.
Blood samples were stored at 4°C, and within
three days from collection, the following exami-
nations were conducted: peripheral blood
parameters (Hb, RBC, and Ht), blood typing
(ABO, Rh, and MNSs), G6PD activity determi-
nation, SGE, and enzymological characterization.
Samples collected in Nagasaki for family studies
were transported on ice within 36 hours to
Hiroshima and processed under the same
conditions as the Hiroshima samples.

G6PD activity was determined wusing a LKB
8600 Reaction Rate Anaiyzer.T The mean
activity in hemolysates of 1,550 healthy children
of both sexes (males: 660, females: 890) was
5.67 IU/gHb, SD=0.72 IU/gHb for males, and
5.71 IU/gHb, SD=0.67 IU/gHb for females,
the mean value for sexes combined being
5.71 1U/gHb, SD=0.93 IU/gHD.

Partial purification and enzymological character-
ization of G6PD were performed according to
the standardized WHO methods.® All the
parameters described below were determined
with a Gilford Spectrophotometer Model 250.
Mean normal values were determined for Km G6P,
Km NADP, utilization rates of substrate ana-
logues, thermostability, and pH optimal curve
of partially purified G6PD derived from 20
healthy males whose G6PD activity values and
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electrophoretic migration rates were normal.
The inhibition constant (Ki) for NADPH was
determined by the method described by Yoshida
and Lin. The normal value for Ki NADPH was

obtained from partially purified G6PD from
13 individuals.

SGE was carried out in a cold room maintained
at 4-6°C at a constant voltage (10 V/cm) for
four hours on hemolysates and partially purified
G6PD using the following three types of buffer
systems; pH 8.8 Tris-HCI buffer, pH 8.6 Tris-
EDTA-borate buffer,® and pH 7.0 phosphate
buffer.®

All substrates and substrate analogues used,
except 2-deoxy-glucose-6-phosphate (2-deoxy-
G6P) and deamino-NADP which were purchased
from Sigma, were obtained from Boehringer
Mannheim. The starch used in electrophoresis
was Electrostarch (Electrostarch Co.) and the
diethylaminoethyl (DEAE)-cellulose used for
partial purification of G6PD was that made by
Pharmacia. All of the other reagents used in
this study were of standard analytic grade.

RESULTS

Data on Variants

Among 9,260 children examined, 23 had G6PD
with an abnormal migration rate. As there are
four pairs of sibs among the 23 children, 19
unrelated children showed the variants, and their
characteristics are described precisely below.
Since siblings are included among the 9,260
children screened, only the 6,913 unrelated
children served as the basis for calculating the
frequency of variants. Numbers of unrelated
children and variants encountered among them
are shown by city and sex in Table 1. One
variant (No. 17) was thus excluded since her
sibling with normal G6PD was selected as the
first in her family to be examined. This exclusion

% pH E@Eg# % h7%E L /2. NADPH o= E # (Ki)
{3 Yoshida ¢ Lin? O & L - FiFEIZfE- 7. Ki
NADPH O E# B IZ13ADMAE D 5 &5 Fsl L
G6PD iz kW R7E L .

SGE [ 4~6°"C DEEEAN TIEM IR & & 7 # ¥
GoPD (225w T, E&KE (10V/em) T 4 bF [5l EhE
L7, Sl didRIZAn+ 3 s AW/, pH 8.8
Tris-HCI #%ili#%, pH 8.6 Tris-EDTA-borate #% i
i, % pH 7.0 BigiRH{E® TH 3.

Sigma #L LY EEAL /- 2-deoxy-glucose -6 -phosphate
(2-deoxy-G6P ) & deamino-NADP # gy /=4 T
DILE R FILTTHL{K 12 Boehringer Mannheim k£ ¥)
ATL7z. WAKIMIZHER L 22 ## 1 Electrostarch
(Electrostarch #L) TH 9, G6PD O iEli D FIz
fdi H L 7= diethvlaminoethyl (DEAE) + L o — Z %
Pharmacia #T&H 3. AT IZHEHL 2% O o
ABITXTCHHEBREDLDOTH 5.

= 2
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miehZZ2800 %, BHHH, EMIZHFT
= 1LIZAT. EHGPD 2 5+ 3P EERAT
i 1l BB IZE IR, 1HO ZERE (N17) 1T
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TABLE 1 PREVALENCE OF ELECTROPHORETIC VARIANTS OF G6PD IN
HIROSHIMA AND NAGASAKI

Z1ILBEUVEWNOERKI LD G6PD 27 o ) IR £

Males Females Combined
City No.of ~ No.of No. of No.of o No.of  No. of %
children  variants r children  variants children  variants
Hiroshima 1878 2 0.11 2149 9 0.42 4027 Tl 0.27
Nagasaki 1279 2 0.16 1607 5 0.31 2886 7 0.24
Combined 3157 4 0.13 3756 14 0.37 6913 18 0.26




is based on the rule of selection described
pre"."iwr_:-usly.2 The females in Table 1 showing
abnormal migration rates were all heterozygotes.
The frequency of electrophoretic variants in
males was 0.11% for Hiroshima and 0.16% for
Nagasaki.

The enzymological characteristics of the G6PD
variants of the 10 children, 3 hemizygotes and
7 female heterozygotes, and those of G6PD
normals and G6PD variants of their family
members are shown in Table 2. Characteristics
of G6PD variants from the three hemizygotes
and from seven hemizygous fathers for the seven
variants where the propositi were heterozygotes
are described below and compared with those
of variants previously reported.

In addition, results of the examinations on the
G6PD variants of nine remaining propositi and
some of their family members are shown in
Table 3. Nevertheless, no hemizygous family
members were found for seven heterozygotes,
and insufficient amounts of samples were
obtained for the two hemizygotes shown in
Table 3. The electrophoretic migration rates
given in Tables 2 and 3 are based on SGE
employing three buffer systems.

Summarizing the chief characteristics of the
10 G6PD variants detected in hemizygotes,
all migrated faster than the normal enzyme
(type B), had activities within 33%-79% of
normal, and normal thermostability. G6PD
variants are classified by their activity and the
presence or absence of hemolytic anemia as
follows: 1) Deficiency associated with non-
spherocytic hemolytic anemia, 2) Severe enzyme
deficiency usually without nonspherocytic
hemolytic anemia, 3) Moderate to mild enzyme
deficiency, 4) Very mild or no enzyme deficiency,
and 5) Increased enzyme activity. Of the 10
variants characterized in this study, 9 were
classified as Class 3 and 1 (Variant 6) as Class 4:
none being associated with anemia or hemolytic
episodes. At present, the number of variants has
become so great that resolution among them on
the basis of the electrophoretic mobility and
other parameters is rather difficult, but we tried
to find out the uniquness of our variants. Three
new types of G6PD variants detected in Hiroshima
were named Hiroshima, Ushida, and Kannon,
and three in Nagasaki were named Nagasaki,
Nishidomari, and Otonashi.
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TABLE 2 CHARACTERISTICS OF G6PD VARIANTS FOUND IN JAPANESE FROM HIROSHIMA AND NAGASAKI AND THEIR FAMILIES

. " o = - = - LL = ” - r-':-":- I 15 - i "i 4=
22 EEBRUEBEFOBERAICHREEIN: GPD ZRAOBEEMNBFER T Z OXKHAEREE
Values of families
Variant . & s e el U Km Ki  utilization (% of C6P__or NADP) Heat . ol
rumber: VER {xm°f y i) Member  Sex ﬂtiern.e IU/gHb GEP  NADP NADPH ~2-deoxy- Gal-6-P Deamino- stability'l 2.ma1 S ——
o norma ? (% of normal) (uM) (uM) (uM) G6P NADP (%) P RR
a
B 100 B 4,78-6,.64 30-45 2.8-6.5 19-40 2.3-4.4 7=15 48-65 65-99 Normal
1 H Hiroshima 1'? 108 Propositus M v 2.99( 52) 39 4.5 a7 s B | 17 46 78 Biphasic 951677
2'; 109 Father i B 4,96( 87) 25 2.0
3" 109 Mother F B(V) 4.89( 86) 31 2.8 3.2 16 55 78
Grand Mo. F BV 3.33( 58)
Grand Fa. M B 4.73( 83)
Sister | 3 B 4.12( 72)
2 H  Ushida 1 109 Propositus F BV 3.60( 63) 915061
2 107 Father M Vv 3.60( 63) 53 8.1 23 0 5 28 87 Normal
3 112
3 H Ushida 1 108 Propoaitus F BV 3.57( 63) 940281
2 109 Sister E BV 4.67( B2) 29 8.7 2.7 54 71 Normal 828606
3 109 Father M v 2.08( 36) 57 i 55 21 1.6 o 39 68 Normal
Mother F B 6.26(110) 57 6.8 2.5 14 50 62 Normal
4 H Kannon 1 107 Propositus F BV 3.09( 54) 909165
2 103 Father M v 1.89( 33) 35 Tl 31 4.0 16 58 85 High peak
3 108 at 9.7
5 H Ube-like 1 107 Propositus F BV 5.80(102) 957633
2 105 Father M v 3.30( 58) 39 6.7 55 0 B 44 89 Normal
3 109
6 N Nagasaki 1 108 Propositus F BV 4,29( 7%) 23 3.4 7.0 15 53 Normal 716963
2 105 Father M v 4.50( 79) 66 9.6 24 2:5 12 48 97 Sharp peak
3 109 at 9.0
7 N Nishidomari 1 110 Propositus F BV 722279
2 111 Father M v 2,99( 52) J2 10.2 30 1.7 10 38 83 Normal
3 111 Mother F B 5.77(101) 39 < BB | 2.4 59 86 Normal
B N Otonashi 1 109 Propositus F BV 720416
2 107 Father M v 3A.60( B3) 71 7.0 51 0 5 41 B4 Normal
3 113
9 N Ube=like 1 105 Propositus M v 2.83( 50) 30 3.5 57 3.0 5 a3 86 Normal 721118
2 104 Brother M V 701433
. 106 Mother F BV 4,75( 83) 29 3.9 4.0 14 71 100 Normal
10 N Otonashi 1 107 Propositus M v 2.40( 42) 66 8.5 B0 2.7 B A3 g2 Normal 799343
2 107 Mother F BY 4.29( 75) 33 6.6 3.1 52 79 Normal
3 111 Father M B 4.83( 85) S0 5.6 2.6 9 a7 80 Normal

*a: Values for G6PD B were obtained in this laboratory; *b:

LMRETHSN2-G6PD B i EM:

*d: phosphate buffer, pH 7.0; *e:

el dd, pH 7.0;

B, WO EWB Iy Fi ¥,
*f: Remaining activity after heating at 46°C for 20 minutes.

46°C, 20 NEA iR DERTF G 1T

Tris-HCl buffer, pH 8.8; *c: Trs-EDTA-borate buffer, pH 8.6

Tris-HC] #2#idk, pH B.B:
B, a single normal B-band; V, a single variant band; BV, bands of Band V
Wi FRAEE L F; BY, BEVOZoH L, FERT S

Tris-EDTA-borate 4% i€, pH 8.6

§8-€ YL 4444



TABLE 3 CHARACTERISTICS OF G6PDs OF JAPANESE FROM HIROSHIMA AND NAGASAKI AND THEIR FAMILIES
23 KR UCRBSEEO HARANBE & h 7 GOPD ZRAOEEFEMME & 7 O F R R

Values of families

Variant .. Eleﬁzzi‘iﬁ“tm Tacliochopetin A VILE Km Ki _ utilization (% of G6P or NADP) Heat » "'an""'
number y (% of nnriali Member Sex caitgr:'z IU/gHb G6P  NADP NADPH  2-deoxy- Gal-6-P Deamino- stability*f x 2imal R
2 (% of normal) (uM) (pM) (pM) G6P NADP (%) % RFeP
100 p*a 4.78-6.64  30-45 2.8-6.5 19-40 2.3-4.4 7-15 48-65 65-99 Normal

11 H 1*® 104 Propositus F BV 4.94( 87) 32 5.0 1.9 8 51 81 Normal 901163
2 "‘d"" 105 Father M B 7.86(138) 43 5.0
3" 105 Mother F BV 5,95(104) 22 5.0 2.8 9 51 98 Normal

12 H 1 106 Propositus F BV 4.41( 77) 21 3.9 57 6.0 6 17 70 Sharp peak 901653
2 106 at 9-=9.5
3 107 Father M B 5.87(103) 24 5.4 21 5.5 16 40 77 Normal

13 H 1 90 Propositus F BV 4.08( 71) 24 5,2 3.0 12 55 93 Normal 901292
2 90 Sister F BV 4.19{( 73) 32 5.2 4.0 13 55 Normal 951214
3 91 Mother F BV 5.22( 91) 36 < W | 4.0 9 55 Normal

14 H 1 propositus M V 915894
2 103
3 106

15 H 1 116 Propositus F BV 2.54( 44) 954279
2 108 Mother F BV 4.91( 86)
3 111

16 H 1 Propositus F BV 5.30( 93) 308804
2 107 Mother F BV
) 108

17 N 1 105 Propositus F BV 759690
2 104 Father M B 4.27{ 75) 56 4.1 2.4 50
3 114 Mother F BV 5.29{( 93) 46 4.2 5.7 14 55 Normal

18 N 1 FPropositus F BV 711447
2 104 Mother F BV
3 106

19 N 1 108 Propositus M v 706293
2 111 Sister F BV 3.27( 57) 761110
3 109 Father M B 6.37(112)

See footnotes of Table 2. F2OBFERuE,

$8-t ¥l A4dHdY
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Comparison with Previously Described Variants
In differentiating the variants in this study from
the G6PD variants previously reported, those
belonging to Class 3 and showing fast electro-
phoretic migration rate, such as Lozere, Tronto,
Chibuto, Castilla, Taipei-Hakka, Canton, Tahta,
Kan, Gallura, Chiapas, Muret, Pea Ridge, and
Velletri, all presenting with a G6PD activity of
less than 20% and/or thermal instability, can be
excluded from consideration.!®!! Table 4
lists previously reported G6PD variants with
properties similar to our variants.

Variant 1

A variant was encountered in a 17-year-old
healthy male from Hiroshima (Figures 1 and 2).
The enzymological characteristics of this Class 3
variant and its biphasic pH curve with peaks at
pH 7.5 and pH 9.0, are shown in Table 2 and
Figure 3, respectively. These characteristics are
similar to those of G6PD Ube,'* a Class 3 variant
shown in Table 4. However, Variant 1 could be
distinguished from G6PD Ube, which has
increased Ki NADPH, normal pH optimal curve,
and faster mobility in phosphate buffer. No
other variant similar to Variant 1 is found among
those reported previously. 1% Therefore we
consider this a new variant, designated G6PD
Hiroshima.

Although the propositus was hemizygous for the
variant, hemolysates (Figure 2) and partially
purified G6PD from both parents showed only
one normal band. However, hemolysates of the
maternal grandmother showed two bands, one
normal and the other with the same migration
rate as that of the propositus (Figure 2).
Therefore, failure of the variant to manifest
itself in the mother was attributed to extreme
Lyonization.”> From the examination of the
family register, blood typing (ABO, Rh, and
MNSs), and electrophoretic studies of 10 poly-
morphic proteins of the serum and erythrocytes,
there was no indication that the relationship of
the propositus and his mother was not as stated.
A similar apparent inconsistency between the
genotype and the phenotype in a heterozygote
has been reported by Trujillo et al'® and Nyhan
et al.}? It has been suggested as an explanation
of this phenomenon that inactivation of one of
the two X-chromosomes in the hetemzygntels’lg
may not necessarily be at random, but due to
the involvement of some genetic influence.!%1?
The apparent genetic inconsistency between

RO ERE & DR

AMRICENVRE SN -ZERAR 2 BHR O G6PD £ &
o6& TA2IIH--T, 77A3IZEL, EW
BRAIEZzRT A, BREE 0% TTH- L
N, BREEEORBVEREZATH 5 Lozere, Toronto,
Chibuto, Castilla, Taipei-Hakka, Canton. Tahta,
Kan, Gallura, Chiapas, Muret, Pea Ridge, Velletri
BB DM RH SBRIL 200 40135k 4 OB
L2ZRECHLUOEEZ L OB O G6PD Z & E
AR L TWA.

TEE

ZRED 1 %FIJJJ‘ BOITEOEBELZB IR
F(EIRU2). 207 59A3 BT A2ERRD
ﬁ%;‘???fiﬂ’ﬂ#‘fﬁﬂiﬂ%ﬂ) pH7.5 £ pHO9. 0l K- 7 #
L2 208tk pH E@HERFARIL, T EN£2LH3(Z
LTS, CHoDFEER4A4ICARL TS 72 7 A
3ERRIZIET 5 G6PD Ube® % h 1z HiLIL T
WA, LALERR] IZ Ki NADPH #%& <, pH £ &
HEZAPIEH T, BEREHE TCORHEI»F LD EN
FRAEITH S GEPD Ube LI E L 52 & AW
T&7n. ZOMOERRITCERERY] ZHULAZLO
TR VM OBERBORIZIEEOS N E o .
L -TRAZIZHEZFLVWERT L EZ2, G6PD
Hiroshima &% L 7.

BIREHE I IBAOERRTCH -4, WHO BN IR
([ 2)BRUVESHIE GEPD [2oWT QBRI T L,
EE Ny FlERoadvmiiahz, LA2ALEBEAD
HBOBEMEIL2EK0/50 K, T45b5 'ﬂmﬁ&m#
CECBEHEEZL>N N FaR L & . BEIC

'ﬁﬁﬂﬁwﬁéﬂﬁﬁﬂﬁﬂmi,fﬁﬁﬂ%%ﬁ
XEEER ) Lyon DEHEP - TEIZAEE L
ENERTHA. FEEEC, BT (ABO,
Rh, MNSs ), ZRIZRT IS K O ARMEkdh o 10
HOBEABROERZXMOLERIZ LS L, RiREL
BHEOBFMEFEZEETIHEMIMNE Z2 o7 20
L) RBIEFRIE EH/BLEOMICHS» T —H %
RIANTO#ESEOEH L Trujillo 5 & Nyhan 5"
ENImEshTWwWA., ZORRZFHEPFTIED L
LT, NTOESEIEI—HDOXPRAEKD—FH
HigtEftah 2B 3R T LLEMESEHT
Z<, Mer»r0BzMEwEIHBELTVwEINEp

TlEZuwhr ) ZEHFNRBEIATWVE. KEFRD



TABLE 4 KNOWN CLASS 3 VARIANTS WITH CHARACTERISTICS SIMILAR TO THE VARIANTS FOUND IN THIS STUDY

4 KFEIZEVTHEENZENCHUOBECHFE2AT28%0 7 7 A3 12ET 52 %E]
Utilization
Electrophoretic (% of G6P or NADP)
G6PD  Population mobility Activity Ki NADPH Heat pH Reference
(% of normal) (% of normal) G6P NADP (uM) 2-deoxy- Deamino- stability optimal
(uM) (uM) G6P NADP
B*a 100 100 31-71 266.6  17-31 16-6.4 5169 Normal Normal Nakashima et al'®
Ube Japanese  1*P 107-109 33-45 50-55 5-6 37-57 2.3-3.0 5357 Normal Normal Nakashima et al'?
2%C 107-108
3*d 112-115
Konan  Japanese 1  105-109 37-59 33-50 48-6.3 1.7-11.6 26-59  53-68 Normal Normal Nakatsujiet al*’
2 105-109 (4.9-12.9)*°¢
3  109-114
B 100 100 50-70 2.9-4.4 9.0 <4 55-60 Normal Normal -
A~ Negro 1 110 8-20 50-70 2.94.4 13 <4 50-60 Normal Normal
2 110 Beutler”
3 115
A* Negro 1 110 80-100 50-70 2.9-4.4 6.7 <4 50-60 Normal Normal -
2 110
3 115
B¥*d 100 100 35 3.2 - 3.0 . Normal -
] Marks et al*
Barbieri Italian 1 135 24-40 increased  increased . - - Normal -
2 .
3 2
*¥3: Values for the variant G6PD and G6PD B were obtained in the same laboratory. G6PD B » Z % G6PD Ol E i (E [l —ffFEETRO L O TH S

*b: Tris-HCI buffer, pH 8.8 Tris-HCI #ilfd%, pH 8.8
*c: Tris-EDTA-borate buffer, pH 8.6 Tris-EDTA-borate #iifi, pH 8.6
*d: phosphate buffer, pH 7.0 *fesiiiaz, pH 7.0

*e¢: Normal Ki NADPH value for G6PD Konan.

G6PD Konan (Z#F+ 3 Ki NADPH @ IE & {ii

§8-€ 4L 44944y
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Figure 1. Starch gel electrophoresis of partially purified
G6PD in phosphate buffer pH 7.0. 1. normal control;
2. Variant 1 (propositus). 3. normal control + Variant 1;
4. Variant 13 (heterozygous propositus having a slow
moving variant); 5. normal control + Variant 13 (pro-
positus); 6. normal control.

1 4Rl L2~ GPD I T AR EaE pH7.0
cEA@BB Iy VERKNE 1. E¥EXMEE;, 2. B
Bl (%EdeE); 3. EHxiE4+ZmRA], 4., ZFHERIS

(BOBHEOERRNIAF T SANTOESORESE)
5. IEHxBR+ZFRRI(RKE);: 6. LW

the genotype and the phenotype of the mother is
assumed to arise from a selectively stronger
inactivation of the mother-derived X-chromosome
than that of the father so that the quantity of
enzyme of the variant G6PD is reduced to the
extent that G6PD activity of the variant gene
product could not be detected.

Variants 2 and 3

Variant 2 from a heterozygous Hiroshima
propositus was also found in the 75-year-old
father. Variant 3 from a heterozygous Hiroshima
propositus was also encountered in the 53-year-
old father. The enzymological characteristics
of Variants 2 and 3 are quite similar as shown in
Table 2. They are characterized by a high Km
G6P and Km NADP. In differentiating these
from other Class 3 variants with fast mobility,
G6PD A—, G6PD Ube, and G6PD Konan should
be considered. As shown in Table 4, G6PD A™
has low G6PD activity (8%-20% of normal),
and G6PD Ube, except for high Ki NADPH of
37-57 uM has otherwise normal features. G6PD
Konan®® has a moderately decreased G6PD

10

i |1“.--ﬁfl L]

Figure 2. Starch gel electrophoresis of the hemolysates
from the family members of Variant 1 in phosphate
buffer pH 7.0. 1. father; 2. mother; 3. grandmother;
4. propositus; 5. grandfather; 6. grandmother; 7. normal
control.

HM2 ZERA1OFKROFEIMGEIZEH T 5 58
pH7.0 IzkAdEBr VEQGME 1. CHEl; 2. Rkl
3. #HfE; 4. HEE; 5. H; 6. M 7. IEW
xif B

FEOMEFRI E ZRBIOBAA 2B {EMHFIF I, LHE
Mo Xkl L BEHED Z N AR IS
il NigMEfba 01z, ZEBEEFEDD
G6PD {FM AR L TE L VWREELIERUEROWRS
RO LAEERE AL LEESNS.

TRE2RUV3

FRE2 ZEENOANT ORI RIEE O LHTOK
B ENS, BERITPEINESEONAT OHES
RMORBEOLHENBE» s iticahz, EEAZ
RUBOBEFMFHEIE2IZRL 2L EU
LTwd. #h5lE KmG6P & U Km NADP o fifi
APEBETHIZLIFIFEHTHSE. 77A3ILBLE
WREHEZ2RTHOBEERERNEZNL 7@ T 5
& x12l3, G6PD A, G6PD Ube, G6PD Konan
AEEEhhEEZS5 2. #A4IZRL 2 &I,
G6PD A~ |1 G6PD MK (IEED8%~20%),
G6PD Ube | Ki NADPH #% 37~57xM & & %
RTLUHICEZOMIEFOEERZRL TW 5.
G6PD Konan® |1 hEEOBRFEEOE TLINMIE



activity, but other parameters are normal. Thus,
Variants 2 and 3 appear to be different from
these three variants. No variants similar to these
two have been reported from among other G6PD
variants in Asia and Europe. Variants 2 and 3

were considered to be the same new variant and
designated G6PD Ushida.

Variant 4

This Class 3 variant, obtained from the 60-
year-old father of a heterozygous Hiroshima
propositus, had a slightly increased Km NADP
of 7.1 uM, and a shift of peak in pH optimal
curve to the alkaline side (activity peak at
pH 9.7) as shown in Figure 3, and other
parameters within normal limits. No variant
among those detected outside Japan or among
the G6PD variants found through screenings of
the Japanese,'??® resembles this variant, which
is therefore judged to be anew variant, designated
G6PD Kannon.

150
e—® Variant 1
o——-0 Variant 6
A—A Variant 4
% Normal Range
100
[
i
1]
e
)
=
B
&
50}
u M i i § i
6.0 7.0 8.0 9.0 10.0
pH

Variants 5 and 9

Variant 5, obtained from the 65-year-old father
of a heterozygous Hiroshima propositus, was a
Class 3 variant and exhibited a high Ki NADPH
of 55uM and slightly decreased utilization rates
for 2-deoxy-G6P and deamino-NADP. Variant
9 encountered in a healthy male propositus
from Nagasaki as well as in his younger brother
was also a Calss 3 variant. Enzymological

11
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D /85 A -7 —ZIEHTHSB. ZDLIIIEER
2RUIBFICZhSIFOERBEEXBTE L., 20D
2HIIZEML AERE, TUT EERMHEIZEHT S
G6PD ZRE Iz HEchTwiy., TR
BRUSWEE—O#H L WEREA L EZ GO6PD Ushida
EmBL .

THEA 4

LEDANTOEAEOREEDLHAOEK» s fFo6 1
3 AJICBTACOERRNE, BRI EAL
Km NADP 7.1pxM & 09 flie, M3 zml k)i
pH EEHEGEOE — 2727V A AIANDIZL-T
(pH 9.7 T &SiEME) Wi, ZOMD/IIT A — & —
FIEEGEEICS - 2. AR OHB TR s :
HRH - BEALZOVTOARALZ Y == » 752
RE XN G6PD ZEAICEH, HMUILAZRTIEC,
2L W EE - ®lkF L G6PD Kannon & s L 7.

Figure 3. pH curves of G6PDs of Variants 1, 4, and 6.
Activity rate at each pH value is presented as percentage
to enzyme activity at pH 7.5,

M3 ZTHRGPD D1, 4KU6I(12+H1T5 pH £i#Eiha.
ZpH BT AFE MBI pHTS OBEFHEOG TR L
| T el Twg,

TRESRU9

RO AT aOfEAH O EEOLEOE D 5 il
sh7772Z231ZK_LTWwAEEAS5(E, Ki NADPH
X 55uM L EiEE 2 L, 2-Deoxy-G6P & deamino-
NADP o FIRATREEERTL A, ZEEHII
BIGEORELS FRIEE P oM, HEDOFE
BILERRAEFT A7 7 AIIIHAHENATRAT
Hol. ZO2HOERRI BT 2BEFNFEEIL,
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characteristics of these two variants are similar
to those of G6PD Ube in many respects, but
G6PD Ube migrates faster than Variants 5 and 9.
Furthermore, utilization rates of the two substrate
analogues of G6PD Ube fall within normal
limits. On this basis, our variants were designated
G6PD Ube-like.

Variant 6

A Class 4 variant was obtained from the 63-
year-old father of a heterozygous Nagasaki
propositus. The hemizygous father’s variant
exhibited slightly decreased enzyme activity
(79% of normal), high Km G6P (66 uM) and Km
NADP (9.6 uM), and pH optimal curve charac-
terized by a sharp peak at pH 9.0, shown in
Figure 3. As shown in Table 4, this variant is
different from G6PD A1 with faster electro-
phoretic mobility and normal pH optimal curve.
Aside from G6PD AT no other rapidly migrating
variants can be considered similar to this variant,
which we therefore identified as a new type,
designated G6PD Nagasaki.

Variant 7

A Class 3 variant encountered in a heterozygous
propositus from Nagasaki was also found in the
52-year-old father. The variant from the
hemizygous father was characterized by a high
Km NADP value (10.2uM). There are no
reports of variants of Class 3 detected in or
outside Japan which exhibit the same character-
istics as this variant. As a newly detected varant
it was named G6PD Nishidomari.

Variants 8 and 10

Variant 8 was obtained from the 59-year-old
father of a heterozygous Nagasaki propositus
and Variant 10 was detected in a hemizygous
male from Nagasaki. As Class 3 variants these
two cases are very similar in their enzymological
characteristics, having high levels of Km G6P,
Km NADP, and Ki NADPH, as shown in Table 2.
Another Class 3 variant comparable to these two
is G6PD Barbieri, shown in Table 4, but its
migration rate is more rapid, being 135% of
normal. Variants 8 and 10, judged to be new and
identical, were designated G6PD Otonashi.

Variants 12 and 13

Variant 12 was only observed in a heterozygote.
The partially purified G6PD showed some
abnormal values in its enzymological character-
istics, as shown in Table 3. It is assumed that

12

Z< DR T G6PD Ube |ZHH{HIL T2 A, G6PD Ube
FZERERMOSEUVUI LD EBHEIE W, &C

G6PD Ube & 2fﬁﬂ*ﬁﬁ)éﬁﬁiﬁfﬂﬁﬁi:iﬁ‘%a‘fllﬁﬂﬁii

EW@ERNIZS IhsDZEhbHs DN
LAZREA s G6PD Ube-like & L 7-.

ZTEAED
RiFEOANTOEGHD I EDLHE3E L I ML
s, 7FARALICIRTATRRTHA., 2O 3
1*%;"”""H:C?)’3:l‘-: '*E%Téﬁiﬁﬂﬂi B 2 BERIEME
DET HHNTI%) # 2L, Km G6P(66uM) &
Km NADP(9.6uM) #* 5 L, pH Rimai# TpH 9.0
lcgFlar—2o7 (H3)zafEa/k. 412U AL

IZZOERRL, EVHEVERKINMPBEEEIEY %
pH Eigdh&E #5755 G6PD A7 & X T % 5.
GEPD AT L%, HuB#HEZRTHOERED
FC, COERTINHELUTA2LDERY-5 20D T,
il WERR L HE L G6PD Nagasaki & ap & L 7.

TREET
BlifOATOESROEREIZEZDNTE-7 7 A3
IRt AR, ﬂmx*ﬁq52ﬂ¢::$mlhéﬂt. ~ 32

EAEOXBELSBLNAERRL, Km NADP O
el (10.2uM ) |Z r]ﬁfj’;,{{ FiF et ¥FAB L
BTA26003 6, ZOEREL[ERELE E”L@,—J:T
ZERL, BAEARCEIMCEREZLZ . L
i ah~=ZRR L LT G6PD Nishidomari & dji %
L 7.

ZERE 8 KU1
R B IE RO T O BGFO R O LB
AR EBOANIESDB LY
e h. Chs 237 5231208 LEBEERFEMN
BMEAIEEICHEULTED, Z2IALLEEDIC
Km G6P, Km NADP, Ki NADPH @ Lk # #* & 3.
73 A3IDOPTHB T ~athoZEREL, £41C
it & 7= G6PD Barbieri T& 24, ZOH I E I
NELIEHDIBD%TH 5. ZEREB RUI0T#HL
LAV EUCERBELHEL L. 20s 261
G6PD Otonashi & &A1 1T 7-.

B g s,

TEE12KR U3
ZRAUZ2EATOEAMKRE L TOA B E N L.
sl L - G6PD (T g E
BEMEnL-(£3).
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FRIEME OGO H 3L DI
Zhs DEEMHEIE, ~T 0O



these abnormal values are reflections of a variant
enzyme although this case is heterozygous.
The propositus, her mother, and sister of Variant
13 were also heterozygous for the same slow
migrating variant (Figure 1).

DISCUSSION

The frequency of G6PD variants is reported to
be considerably lower in Japan'®*°~?® than in
Africa and Mediterranean countries,'® China,**?%
and the Philippines.?® It has been suggested

with regard to G6PD Mediterranean and G6PD
A—, that the persistence of these variant enzymes

1s related to an increased resistance against
malarial parasites.”’” Some types of G6PD vari-
ants in Chinese are found at a high frequency in
distant areas on the Chinese continent, presum-
ably spread by various tribes with the variant
genes as they moved about the continent.*®

Ot the G6PD variants encountered in Hiroshima
and Nagasaki, 10, where hemizygous G6PD
variants were available from the family members,
were classified into seven different types including
six new variants based on the enzymological
characteristics. Four kinds of variants, three of
which are different from those detected in
Hiroshima or in Nagasaki, were encountered
in Yamaguchi by Miwa’s grc:up.u’m Therefore,
although Nagasaki, Yamaguchi, and Hiroshima
are located relatively short distances from one
another, Nagasaki and Yamaguchi being separated
from Hiroshima 450 km and 150 km, respec-
tively, most of the G6PD variants encountered in
these three areas are different types. Among rare
electrophoretic variants of phosphoglucomutase-
AR et phosphohexose isomerase,®! certain
variants were distributed in a definitely different
pattern in Hiroshima and Nagasaki, and this
difference in distribution pattern is considered
attributable to differences between the popu-
lations of Hiroshima and Nagasaki. These
population differences undoubtedly also explain
the heterogeneity among G6PD variants
encountered in the three areas. It is apparent
that the distribution pattern of G6PD variants
in Japan is quite diverse, unlike that in some
other countries. There is no record of malaria
ever having been prevalent in Japan in the past,
so that selective pressure has probably not been
an important factor to maintain or increase the
frequency of specific G6PD variants. In expla-
nation of the heterogeneity of G6PD variants
encountered in the three areas, it is assumed that

1
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there was little chance for any specific G6PD Bk, chooiBlzSmah-EniEgsd
variant gene to be dispersed in these areas by the

movement of tribes possessing such a variant
Accordingly, it 18 to be construed that
point mutations of G6PD genes occurring in
various areas have been transmitted uninfluenced

gene,

FIZeAL Gt DEELZLNS. LENST,
IR E L 72 G6PD BZF D HARE RN, 5

A ERICH S B EINAZ LA GHBIEL TV -

by any particular external factors. LD EBERT 5.
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