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SUMMARY

A total of 15,387 individuals, of whom 10,864
are unrelated, living in Hiroshima and Nagasaki
were examined for erythrocyte triosephosphate
isomerase (TPI) by starch gel electrophoresis
using TEMM buffer, pH 7.4. Four kinds of
new variants, one having a cathodal migration
and three having anodal migrations, were
encountered in this population. These variants
were further characterized by starch gel electro-
phoresis using trissEDTA buffer, pHS.3, and
isoelectric focusing. An anodally migrating
variant TPI 2gg,; exhibited markedly decreased
enzyme activity, as evaluated by the staining
intensity of the variant bands. The level of
TPI activity in erythrocytes from this individual
with the phenotype TPI 1-2ygr; was about
60% of the normal mean. Family studies
confirmed the genetic nature of all the vairants.

INTRODUCTION

Human  triosephosphate  isomerase  (TPI;
EC 5.3.1.1) {MW=153,000), a dimeric enzyme of
identical subunits® catalyzes the intercon-
version of two glycolytic intermediates,
glyceraldehyde 3-phosphate and dihydroxy-
acetone phosphate. Electrophoretic variants of
TPI are relatively rare. Peters et al® described
the two anodally migrating variants, one
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encountered once and the other twice, found
among 2,477 individuals from several ethnic
groups, These variants were in the heterozygous
state and the variant allozymes were designated
TPI 2 and TPI 3. A cathodally migrating variant
was detected twice in a population of 1,949
individuals studied in Michigan.4 This was
designated TPI Manchester,s the proband
having the phenofype TPI 1-Manchester. No
variants were detected during a study of 3,888
Amerindians.%

A program studying the genetic effects of the
atomic bombs at the protein level using electro-
phoresis has been in progress at RERF since
1972, Electrophoretic examinations have been
done on 30 protein systems from the blood
samples of two populations from Nagasaki
and ~ Hiroshima, ie.; an ‘Adult population’
composed of A-bomb survivors and nonexposed,
and a ‘Child population’ comprising children
born to the proximally and distally exposed
SUTVivOrs.

The present paper describes four electrophoretic
variants of erythrocyte TPI, each encountered
only once among some 15,000 individuals.
Since all the variants are inherited, the question
of a radiation effect does not arise.

MATERIALS AND METHODS

The populations, the circumstances under which
samples were collected, the method of family
studies, and the preparation of hemolysates
were described in the first paper of this series.”
For routine study, 1/2 diluted hemolysates
were used, but for the comparison of variants
in the present study, partial purification of
TPl was camried out using the chloroform-
ethanol extraction method of Hashimoto and
Yoshikawa,® and the concentration of the
samples was adjusted in such a manner that the
same amount of enzyme activity was present.

Electrophoresis. For routine typing of TPI,
vertical starch gel electrophoresis was carried
cut at 4°C and 7 V/ecm for 20-23 hours using
the tris-EDTA-maleic acid-MgCl, (TEMM) buffer
system (pH7.4) of Spencer et al,? as bridge
buffer and at 1/15 dilution (pH7.4) for the gel
buffer. Comparison of variants was performed
using both the TEMM buffer system and the
tris-EDTA buffer system (pH9.3) of Peters
et al® TPI isozymes were stained using the
method of Peters et al.?

BoroREASHBENE 2,4TTERIERBREERL
CHOBBIHIBY TA3ERB > THRRT
WaA, FO3H1HAIK1IE, ol Fk2 @
ERNTV3E. ThEOERMEANTUHARTHY,
ERBTO¥FA LI TPIZ RUTPL 3 taifashr.
Michigan M CHEZT- 41, 99 80EMTIE, BE
FEcB®HT IERIFIERBEERA Y ThiZ
TPI Manchester ¢ g s, ZOREHEOFHE
!X TPI 1- Manchester Th o7 7AVAf T4 TV
38 LMEETREREIAR I » o L. 8

FERABLALTORRBROREHBE L, BREE
LEDBETI70S T L7285 5 HERT
EREESNATWSE LR K02 H&H Teb5EE
BRERVEEBRELIOER NS "BRARR,
WONEIEER FEEMEREOTFHL VBN EN
B FHER, 5B OEREONEROERT
Lo TBRAMEICILIRELEREL T 5.

A EIL, RMIR TPI OERAHKE EOEEIMAH)
DWTHANSH, Zh5EHI5,0005F 44 1EADT
BHBahE2HDTHSE hoDERBEIFTAT
BENZLOTHIOT, REGOBREIZEE
%5 %W

HHRUFE

ZHO—HOBENELRIZSVT, HREH, EF0
WEATbhkE, FRAXOIE, BLEO
fER, oW THR~E T AEOHBILIMAER
BRFEFANLY, FFECSVTRESEOKE®D
e, BERUEN OFroaFLLA-TF/— N
FEHECL) TPIL OB HEMNTY, AROER
HEPTFETILIICRABOBELEEL .

ERABE TPl OBEORHEILE, 7Yy VBT
#% L L T Spencer 5° @ tris- EDTA- maleic acid-
MgCl, (TEMM) 8§ > 2 57 A (pH 7.4) %, £/,
FABRERIZEIOMFRER (pHT.4) 24
LAZEABRSSVEREHEEZ4T, 7V/ T
0~23 M EBL . EREUO MBI TEMM £
WYy AT LR U Peters 53 0 tris- EDTA $% & ¥
VA5 & (pH 9.3) #HWTHF-7/4. TPL 74 vHA( A
DAL Peters 53 D HFEICL DT /.



Isoelectric Focusing. For isoelectric focusing
(IEF), a gel plate (120x 110 x 1 mm) containing
4.7% acrylamide, 0.3% N-N° methylene-
bisacrylamide, 2.5% Ampholine (LKB) mixture
(1.1% pH 46, 1.1% pH6-8, 0.3% pH3.5-10),
and 7% glycerol was prepared. IEF was
performed on the LKB 2117 multiphor apparatus
with a cooling plate at 10°C. The electrode
solutions were IN NaOH (cathode) and IN
N3 PO, (anode). Prefocusing was done for one
hour at maximum lmits of 1,000V, 10mA,
and 10W. Partially purified samples on pieces
of Whatman 3MM paper {5x10mm)} were
applied 2cm from the cathode; focusing was
carried out for one hour at maximum limits
of 1,300V, 10mA, and 10W. The pieces of
filter papers were then removed, and the IEF
was terminated after another three hours. TPI
isozymes were stained for activity by a modifi-
cation of the method of Scopes,’® using a
cellulose acetate membrane instead of a filter
paper. lIsoelectric points (pI) were determined
by the positions of marker proteins (pI calibration
kit from Pharmacia).

Enzyme Assay. Our procedures in general
followed the recommendations of Beutler!!
and the International Committee for Standard-
ization in Haematology.!? Enzyme activity was
measured spectrophotometrically at 340 nm and
at 30°C with an assay mix{ure containing 4 mM
D-glyceraldehyde 3-phosphate, 0.2mM NADH,
and 1 IU/ml of a-glycerophosphate dehydrogenase
in 100mM triethanolamine-2 mM EDTA buffer
(pH7.6) using a 1/400 diluted hemolysate.
Details of sample preparation, instruments, and
data management were described by Satoh et al.’

RESULTS

Starch gel electrophoretic patterns for the
variants as well as a normal TPI pattern (TPI 1),
using both a TEMM buffer system at pH7.4
{Figure 1A) and a tris-EDTA buffer system at
pH 9.3 (Figure 1B) are shown. Schematic
interpretation of the gels of Figure 1A and B
is shown in Figure 2.

TPI 1. Freshly prepared samples from a normal
healthy individual exhibit five TPI isozymes,
all migrating towards the anode, on the TEMM
buffer gel (Figure 1A, lanes 1 and 5). Peters
et al® referred to these isozymes as a, b, ¢, d,
and e, in the order of their anodal mobilities;
they also recognized even more anodal bands,
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Figure 1. Starch gel electrophoresis of human erythrocyte TP, The gels were stained for TPT
activity. A. Partern of TEMM buffer gel, pH 7.4. B. Pattern of tris-£DTA gel, pH 9.3.

Ei. ©bROITPLOBDSLEAKEE. ik TPLEEHRE -4, A, TEMM &%
YN, pH7.4M2%% —». B. tris-EDTA ¥, pH 9.3 HIFT 3185 — >,
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Figure 2. Schematic diagram of the gels of Figure 14 and B(*). Isozyme designations (a-i} of
Peters er al? are on the left. Designations of postulated subunit compositions are as follows:
1, normal subunit; 2N, 2ngp subunit; 3H, 3pyp; subunit; 2H, 2gp; subunis; 4N, 4ncr
subunit; M, Manchester subunit. emms , primary allozymes. -, secondary deamidation
products.
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f g h and 7, in skeletal muscle. The slower
isozymes g, b, and ¢ were much more prominent
than isozymes d and e. On the TEMM buffer
gel, isozyme ¢ was generally the most active and
b was slightly less active, while on the tris-EDTA
buffer gel (Figure 1B, lanes 1 and 3), # and b
were equally intense. The isozymes d and e,
usually visible after a prolonged staining time,
often did not appear as distinct bands especially
on the tris-EDTA buffer gel. The isozymes
b-e have been recognized to arise as the
consequence of postsynthetic alteration(s),
presumably spontaneous deamidation(s), of
primary isozyme a. 2¥*71®  The IEF pattern is
shown in Figure 3, lanes 1 and 5. The pl,
obtained under the conditions described above,
for the major band of normal TPI was 5.6.

Figure 3.
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Ispelectric focusing pattern of TPI variants, TPI was stained for engyme activity.

1, normal; 2, 1-2ngp; 3 I-3mpps 4, 1-2yRi; 5, normal; 6, 1-4jgy; 7. 1-MAN. The marker
proteins for pi values, stained by Coomassie Blue, are on the right. pl 7.33, myoglobin-basic
band, pI 6.55, hwman carbonic anhydrase B; pl 5.85, bovine carbonic anhydrase 8; pl 5.20,
lactoglobudin A; pi4.53, soybean trypsin inhibitor.
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TPI 2ngp- This enzyme variant was from a
Nagasaki female child. The pattern on the
TEMM buffer gel is shown in Figure 1A, lane 2.
Two new sets of three prominent.isozyme bands
each were recognized in addition to the usual
set of isozymes a, b, -and ¢. The intermediate
set of isozymes migrated to the d, e, and f
isozyme region and the most anodal set had
similar mobilities to isozyme bands g, A, and i
of skeietal muscle. A family study confirmed
that the variation was genetically determined
(Figure 4A). A similar variant pattern was
also observed on the tris-EDTA buffer gel
(Figure 1B, lane 2). The intermediate set of
isozymes (the heterodimer) appeared twice as
intense as either homodimer set, indicating that
the abnormal isozymes had essentially the same
activity as the normal. This differed from the
staining pattern observed by Peters et al® so
that although the mobility of this wvariant
appears to be the same as Peters’, on the basis
of the activity ratio of ifs bands, we believe
the two variants differ and have designated
this one 2pqj, zbbreviating Nagasaki to NG.7
We propose that the slowest band of the
most anodal set of bands represents the 2yg;
variant homodimer, and the slowest one of
the intermediate set represents the normal/
varignt heterodimer, The other more anodally
migrating isozymes of each set are recognized
as the secondary products generated from
the slowest one, presumably via sequential
deamidation(s).!4"16 A diagramatic interpre~
tation of the variant pattern is given in Figure 2,
lane 2.
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Figure 4. Pedigrees of the TPI variants.
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The TEF pattern is shown in Figure 3, lane 2,
In addition to the normal isozyme bands, two
sets of anodally migrating isozymes were
observed as prominent bands. Each maijor band
of the most anodal and the intermediate set
is presumed to be the 2ng, variant homodimer
and the normal/variant heterodimer, respectively.
The pI of the presumptive 2yg; homodimer
band was 5.2.

TPE 2gRr1. A heterozygous variant pattern with
markedly reduced enzyme activity was observed
in a sample from a Hiroshima female child. The
TPI activity in erythrocytes from this individual
was 1,295 IU/gHb; the normal level of enzyme
activity was 2,234+2171U0/gHb (mean*SD,
n=310)." 1In a 1/2 diluted hemolysate, variant
isozymes were not observed as distinct bands.
But with the partially purified and concentrated
sample, in addition to the usual & b, and ¢
isozymes, somewhat weaker than in the normal
pattern, two unusually prominent isozymes
were recognized in the 4 and e isozyme region,
and very faint isozymes were visible in the
g and 5 isozyme region (Figure 1A, lane 4).
A similar pattern was also observed on the
tris-EDTA gel (Figure 1B, lane 4), and the
pattern was similar to that of the 1-2 variant of
Peters et al® The locations of the variant
isozymes were similar, but slightly cathodal, to
the 2yg) isozymes. The variant allozyme
was named 2Zyg;, abbreviating Hiroshima to
HR, the proband having the phenotype 1-2yg; .
The IEF pattern is shown in Figure 3, lane 4.
The pl of the 2yg, variant was 5.2, The genetic
nature of the variant was confirmed via a family
study (Figure 4B). The variant phenotype
1-2ygr; was detected in the father, whose TPI
activity was also approximately half normal
(1,13921U/gHb), whereas the mother showed
a normal electrophoretic pattern with a normal
level of enzyme activity.

TPI 3ygg). The variant pattern was detected in
a Hiroshima female child. Markedly prominent
isozymes were recognized in the d, e, and g
isozyme region together with somewhat weak
a, b, and ¢ isozymes (Figure 1A, lane 3). The
variant isozymes migrated to the same position
as the 2yp; isozymes but slightly cathodal to
the 2yg; on the TEMM buiffer gel. On the
tris-EDTA gel (Figure 1B, lane 3), the variant
isozymes migrated to the usual b and ¢ isozyme
region. Since this pattern was similar to that
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of the 1-3 variant, detected by Peters et al?
this variant was renamed 1-3yp; (previously
reported as TPI 1-Hiroshima-2 by Asakawa
and Mohrenweiser'®). The 3ggr; isozymes
seemed to be much more intense than the
3 variant. The 3yxgr; allozyme was observed as
a single band and the secondary isozymes,
presumably deamidation products, were mnot
observed. A diagramatic interpretation is given
in Figure 2, lanes 3 and 4. The subunit
compositions were confirmed by dissociation-
reassociation studies using normal and variant
allozymes isolated from erythrocytes.’® The
1IEF pattern of the proband having the pheno-
type 1-3ygr; is shown in Figure 3, lane 3. The
pl of the 3ygy allozyme was 5.2. The result of
a family study is shown in Figure 4C.

TPI 4nGi- The variant pattern was identified
in a Nagasaki male child, Simijlar banding
patterns were observed on both the TEMM
 buffer gel and the tris-EDTA buffer gel (Figure
1A and B, lane 6). In addition to the usual set
of isozymes, of somewhat weak intensity, two
sets of cathodally migrating isozymes were
recognized as prominent bands. The two sets
of variant jsozymes were much more intense
than the usual set and the intermediate set was
the most intense. Since the position of each
variant isozyme was similar to, but slightly
cathodal to, that of the TPI 1-Manchester variant
(Figure 1A and B, lane 7), reported by Decker
and Mohrenweiser® and characterized by
Asakawa and Mohrenweiser,'® this variant
allozyme was named 4pg;. In each set, the
most cathodal band was presumed to be the
primary isozyme and the others to be the
secondary isozymes, We propose that the most
cathodal set represents the variant homodimer
and the intermediate set represents the normal/
variant heterodimer (Figure 2, lane 6). The
transmission of this variant from the father was
confirmed via a family study (Figure 4D). The
IEF patterns for 1-4ygi and I-Manchester are
shown in Figure 3, lanes 6 and 7, respectively.
As was expected for both slow variants, two sets
of cathodally migrating isozymes were observed
together with normal isozymes. We propose
that for both the Manchester and the 4ng)
variants, the slowest bands of the most cathodal
set and of the intermediate set represent
the variant homodimer and normal/variant
heterodimer, respectively. The pl values of the
4ne; and Manchester variant homodimer were

Peters 52 A LAL-SERB UL TWAD
T, TOEEEIF1-3yp b WALEL & (L, 3
& UF Mohrenweiser® 1=4& 9 TPI 1 -Hiroshima-2 &
LTEE &), FAVHA LIgg OIBEIRESR
3 s IcEwE I IEbRA 3 7O
A LERE S FELTHAD LR, BTN LB
Eioh3B2RTAVFI LIRS LS
ML M2 OE3 RUEAFCRY. $721=v b
By, RmRAS55MLAERUROERE T
WA LEROARE—BSEERIILOEESNT
V5. BRI~ 3 o B RBLERMEDEF /55—
#B3DEIFICRY. 3ug 74 ADpLIX5.2
Thok. FEBECERELMLCIZRT.

TP 4pgyr COEREAY-—E, EHEOBTFL
R =i, TEMM @8 #ES VE U tris-EDTA £
WS NBFILHENT, RO T 7852
HBHSNA(HLARUBOEEF). HEiaiFu
BEOTAVFLLEIIMAT, BRIAAEHTS
ZEHOTAVHA LAPHEL AL FELTED N
ZOZBOERYT 4 vH L LOFERR, BEOR
LodeRicw, PMErRLE oA BRERY
744 aOitiEiE, Decker & U Mohrenweiser®
A4 LR IR U Mohrenweiser™ |2 kD B i A
it 17~ TPI 1-Manchester 28 (M1 ARV
B, E75) OBz R P LEENTH-AOT,
IDNEENTOF, bEkdyg bR LAE BWHE
BT, BLEEMOSY FRELRTAVFL 6L
Eioh, FOMOSAYFEEZRTAVFL LLE
EFiohs BELEBHOBIERIKESfv—,
hREBEIEEN/EREUAFOSIT-Th B &
BETI(E2, £6%). FEAEILY, 20
FRAMILBELPSHREINEZLOTH D I & HFHER
aih (4 D). 1-4yg KU 1-Manchester @
IEF $%— 3 &AM3DERUVETHIZTRT.
ZONBVBERENG, THEEVERLTAVHFIA
LELIZBOBETMIBERTE 7L VYA LY
@ shi. Manchester R U g ZFEBICHVT,
RUEEAOBRCPEBORLEWI Y KT, &4
FRAURTY A v RULERE/ ERE~Fus (17—
TH5LHEEY 5. 4pg B U Manchester 2 £ B
FEFAA v —-DplEELGCOCRUBETH- .



6.6 and 6.8, respectively. The order of cathodal
mobility on the IEF between 4yg; and
Manchester variant was not consistent with that
on the starch gels, repeated testizig showing the
same resnlfs.

Four electrophoretic variants were encountered
in this screening, two in Hiroshima and two in
Nagasaki. Hematologic data of the propositi
as well as the affected parents were normal.

DISCUSSION

Electrophoretic variants of TPI are rare;
population studies™™*® yielded only five variants
of three different types in a total of 8,314
individuals. In this study, four variants were
encountered in a total of 15,387 examinations,
in which some kinships were included so the
number of unrelated individuals was 10,864
(0.37/1,000). On the other hand, Eber et all?
reported three inherited heterozygote carriers
of TPI deficiency in 3,000 Caucasoids. If three
standard deviations were taken as the limit of
normal activity and the inheritances were not
considered, 12 additional blood samples would
have been classified as deficiencies, Thus a
frequency of at least 1/1,000 and a maximum
of 5/1,000 is indicated, Recent data of
Mohrenweiser and Fielek!® suggest that hefero-
zygote carriers of a nearly complete deficiency
of this enzyme occur with a frequency of
5/1,048 in Caucasoids and 7/146 (43/1,000)
in Blacks. In a Japanese population, such a
variant frequency was 1/310 (3/1,000).33
TPI thus shows a quite different patterns of
variant frequencies from most enzymes studied
in this respect, in that deficiency variants appear
to occur more frequently than electrophoretic
variants.

Of the four variants of TPI described in this
paper, one {2ggr;) exhibits markedly decreased
enzyme activity, as evaluated by the staining
intensity of the variant bands. One other (2ng1),
although exhibiting normal staining activity at
standard temperatures, is markedly heat labile
(Asakawa, unpublished). The Manchester
electrophoretic variant of TPI shown in Figure
1A and B, lane 7 is also very heat labile.'®
We must accordingly, in seeking an explanation
for the low frequency of electrophoretic variants
in this system, consider the possibility of
functional impairment of some heterozygotes
for electrophoretic variants of this enzyme.
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4 nG1& Manchester ZREI AW T3 L, [EF TO
ElFEAOEHECRFEBB S VIZET 558
Lid—Hladok. BOIBLIT-AREIZSVTE
FCERFBLRLE

ABEIORAZY—=rFIlEWTE, RET2H, EF
T2, H4FoERFD LoERW KB EhA
RMERCIOMAOMBEFNREOZRIIEET
& 7.

Z B

TPI O REHFE LOFRBIIFHTH Y, EHAHFE IS
koT, BH8IUELIE=SNREEZY4TD
FREUSHARE shACTELrY. FHEETH
AFOERIHPESES,IT ERCBRE & hisH
BERT->42300) 5 MBHEO 2 ER BRI
10,864 £ T -7 {0.37/1,000). —% Eber 57 (&
300050 BAAMN S 5 TPI RIBEDEEHIAFD
HRANREELIFAMEL TS EESGEEHA
IFESEEENIIREL, EEEESELZ T,
FilZomEAS & RBEL LTHYHTELZTHAES
EHEERTWA. LEN-THELEST /1,000,
BE5 /1,000 DEHENFRB xRS, Mohrenweiser
E U Fielek"™ QRO 7~ #i%, TOBEENILAY
FEEIRBT ARBEOATOESREREH, OA
ITHEWTS5/1,048, BAICEHEOWTT /146 (48/1,000)
DEETCHETAZILEARBLTWVE. BEAE
MizswTid, COLIZERTOHELL /310
(3/1,000) Thor-B 20 L312TPI Tit, BE
HEXHERUAERGKH LOERU L) SungiE
THRhIEELLNG, COSICBLT, H{EH
ThhBENIEAL IR 3ERUEED
NE— v ERRT.

EREAFORBHRELIIHNELT, $¥RET
Mz TPIOERBLFHO I 5, 1H (20
FEL(EWEEEEZRLA. BROLH (240
BEORETCIEELRERESR VA, BRICHLT
FLLTEETH S (N, £FER). 1ARUVBO
ETHNIRTEDARM EOFERE TPl Manchester &
BRI LTEBIIAEETHS.® LiA-T, 2O
YAFAILET SBAKE LOERIOEEFE W
M ERS 3 LT, COREOBLERN LoFRE
Bogobo~7T oS LS RERESFTFE
TEAUAEEEERT 52 FBETH 3.
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About 15 cases of TPI deficiency resulting
in severe hemolytic anemiz have thus far
been described in the medical literature.!® 2!
Nevertheless, the relatively higli frequency of
hetrozygous carriers in American Blacks would
lead one to expect more numerous case reports.
This has lead to the suggestion that the
homozygous state may often result in prenatal
lethality. By extrapolation, one may speculate
that there is also strong selection against the
homozygotes (and, to a lower degree, as just
mentioned, against the heterozygotes) for the
electrophoretic variants of this enzyme in the
glycolytic cycle, this leading to the near-equality
in the two kinds of defects.

BRMILELMERALE5 £+ TPLORKIBE
MBHMAFZnE CEEXRIRETA TS P
LALads, RXEORACEVWTAFOESEHRE
EOHEFEEMEVI LSS, BIIE L OFEH
WMEFTFHEINI., 202 EiE, SEBSHTR
ZLOBERERCFEELTUEOTELVA LV S
TEERBLTWS. SEEMICHEEL, BERC
MNBTACOBFOERAED LoEREO RS
iz U (F, FioBAiELED, ~AFoEaRLC
3 UEBE R a0 BuiBksERAL, cha’ 2
DRBIEBSTZEITELLHEEL2ELELS
TELOHRETH A,
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