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SUMMARY

Three new electrophoretic variants of human
erythrocyte triosephosphate isomerase (TPI)
have been partially purified and compared with
the normal isozyme with respect to stability,
kinetics, and immunologic properties. TPI 2HR1
is an anodally migrating variant associated with
markedly decreased enzyme activity. The level
of enzyme activity in erythrocytes from the
proband with the phenotype TPI 1-2HR1 was
about 60% of the normal mean. The variant
allozyme was less stable than normal in guanidine
denaturation tests, although it exhibited normal
kinetic properties. TPI 2NG1, an anodally
migrating allozyme associated with normal
activity, was very thermolabile at 55°C and
57°C. It was also much more labile than normal
in stability tests in buffers at pH 5 and pH 10,
although it exhibited normal kinetic and immu-
nologic properties. TPl 4NG1, a cathodally
migrating variant associated with normal activity
and normal kinetic as well as immunologic
properties, was more stable than normal in pH 5
buffer. Family studies demonstrated that the
unique characteristics of these variants are
genetically transmitted. In two-dimensional
electrophoresis of purified isozymes there
is no difference between the variants and
normal in the molecular weight axis, suggesting
the wvariants result from single amino acid
substitutions.

INTRODUCTION

Human  triosephosphate isomerase CEPE
EC 5.3.1.1), a dimeric enzyme with a molecular
weight of 53,500,1 catalyzes the interconversion

Approved 7&&2 2 July 1985

2 ©

WAk T, &/ bIRMER triosephosphate
isomerase (TPI) @ 3l D #r L W R E 4 2 45 K5 &
L, ZOEXEMYE, 24437197 ARVBEEN
FEIZOWT, IEHETA VL ALEB 21T /.
TPI2HRl G A mICBEE T3R8 TH 35,
ZOBEFIEHIZFE L EH» 7. £HE TPI 1- 2HR1
Z2ETH5REEORMEP COBERIEHEMIZ, EH
EHBEDOHIN%N ThHh-71-. ZOFEERR7Taw4 4L,
FT=V yEZEEHEABRIIBEVWTIEEEICEHAR, L)%K
ETCHoLEPHAFAT 497 AIIDODVTIRIEETHo7-.
TPIZNGl B E¥ 2EBEEEEE2FE-BRAFmI
BT 42794 LTH35, 55CRUSICIZHENT
EBIIATEETH-7. ZOTOH{ AT pHS R
pH 108 gk h TO X EMHRARBRIZ VL TIEF AR ICHA
EHBIIRELEETHEY, ZOIA 3T 1972 ARV
RIEFHFEEIEF CTh- 1. ERAEIZHRET 3
Z#% TPI 4NG1 OBERTEYE, #4474 97 ARV
RIEFHRFFITIER TH-7-4", pHEHEWEHEd Tl
IERBICESR, FDVEETH -~ ZThoBEERD
4 ORI, BENEZLDOTHZ 2L HFFEHAE
ICENBlE L -7, BBLETAVYHF{LIZDNT
ZRICBRIAMEIT-AER, FRBLEEROMIC
TFREEBOELGRDSNT, ok, 2hns
ZRUIHE—7 I /BEBRIZINELC-LDTH 3
ZEHFREEN S,

il

i
3 FHS3,500D ¥ { v —EBEETH 3L b triose-

Printed F1 R September 1986



RERF TR 12-83

of glyceraldehyde 3-phosphate and dihydroxy-
acetone phosphate and is thus involved in both
glycolysis and gluconeogenesis as well as glyceride
synthesis. This enzyme is widely distributed,*>
and there is a similarity in the kinetic properties
of the enzyme from a wide range of tissues
and organisms.*”7 The sequence homology
observed in enzymes from divergent species
18 striking,l’s"n especially in the region of the
active site.'?

About 15 cases of TPI deficiency resulting in
severe neuromuscular dysfunction, hemolytic
anemia, and early death have been described 13713
The disease has generally been regarded as rare,
but a recent report by Mohrenweiser and
Fielek'® indicates that the frequency of
heterozygous carriers of TPI deficiency is
approximately 5% in American blacks. Neither
the homozygote nor the heterozygote deficiency
variants showed electrophoretic abnormality.

Electrophoretic variants of TPI are rare. Peters
et al'” identified three variants of two different
types among 2,477 individuals from several
ethnic groups. One variant was detected twice
in 1,949 individuals studied in Michigan!® and
characterized by Asakawa and Mohrenweiser.'®
No variants were detected during a study of
3 888 Amerindians.®®  Four variants were
identified in the screening of 15,387 Japanese,
of whom 10,864 were unrelated i.nt:'liw.-':iciluals;21
and one of them was previously characterized
by Asakawa and Mohrenweiser. 1

The present paper extends the previous study of
Asakawa and Mohrenweiser,’”” describing the
electrophoretic as well as stability, kinetic, and
immunologic properties of the three remaining
Japanese variants - a cathodally migrating variant
TPI 4NG1 and two anodally migrating variants
TPI 2HR1 and TPI 2NG1.

MATERIALS AND METHODS

All procedures were carried out at 0-4°C unless
otherwise stated. Buffer pH adjustments were
made at 22-25°C.

Chemicals. DL-glyceraldehyde 3-phosphate
(DL-GAP), reduced nicotinamide-adenine
dinucieotide (NADH), triethanolamine (TEA),
and a-glycerophosphate dehydrogenase (GDH)
were purchased from Boehringer Mannheim.
GDH was used for enzyme assay after removal

phosphate isomerase (TPI: EC 5.3.1.1)Y 1%, 7V
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of trace contamination with TPI by treatment of
the enzyme with chlorohydroxyacetone phos-
phate (synthesized as described by Hartman®?).
Fraction V of bovine serum albumin (BSA) was
obtained from Sigma, urea and guanidine-HCI
from Schwarz/Mann, Affigel-15 from Bio-Rad,
and Protein A Sepharose from Pharmacia.
2-(N-morpholino) ethanesulfonic acid (MES)
and 3-(cyclohexylamino)-propane sulfonic acid
(CAPS) were from Calbiochem. All other
chemicals were analytical/reagent grade.

Subjects. Blood samples were obtained from
heterozygotes for the variants as well as their
parents, who showed the same variant pattern
as the propositus, and nine normal healthy indi-
viduals. The blood sample of TPI 1-Manchester
was kindly provided by Dr. H'W. Mohrenweiser
of the University of Michigan.

Enzyme Assay. Enzyme activity was measured
using a 36-cuvette centrifugal fast analyzer
(the Aminco Rotochem Ila/36) at 340nm
and at 30°C with an assay mixture containing
4mM D-GAP, 0.2mM NADH, and 1IU/ml of
GDH in 100mM TEA-HC1 buffer at pH 7.6.
Hemoglobin (Hb) content was measured as
previously described by Satoh et al* To
prevent inactivation, the isolated isozymes were
diluted in 100 mM TEA-HC1/1 mM EDTA buffer,
pH 7.6, containing 0.01% 2-mercaptoethanol
and 0.1% BSA (the dilution buffer). All determi-
nations were at least in duplicate unless
otherwise stated.

Antibody Preparation. Normal human TPI
was purified as previously described.’ A half
milliliter saline containing 1 mg of TPI was mixed
with 0.5ml Freund’s complete adjuvant and
injected intramuscularly into two parts of the
rabbit foot pad. Repeated injection of 0.2 mg
TPI in 0.5 ml saline and 0.5 ml Freund’s complete
adjuvant was done at 1, 2, and 3 weeks after
the initial injection. Blood was collected a week
after the final injection, allowed to clot and the
serum was removed. Specific antibody was
isolated from the rabbit serum by affinity
chromatography: 2mg of pure enzyme was
bound to Affigel-15 (0.5ml) and 2ml of anti-
serum passed through the column. The antibody
was eluted with 0.2 M acetic acid, and stored
in aliquots at —80°C after the pH was adjusted
to 7.6.
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Electrophoresis. Nondenaturing electrophoresis
was performed on 6.2% polyacrylamide slab
gel in a continuous 0.04 M Tris-0.2M glycine
buffer system at pH 8.5. The concentration of
the samples was adjusted in such a manner
that the same amount of enzyme activity was
present in all samples. Gels were stained for
TPI activity by a modification of the method of
SGUPES,Z using a cellulose acetate membrane
instead of a filter paper.

Two-dimensional polyacrylamide gel electro-
phoresis (2-D PAGE) - isoelectric focusing in
the presence of 9M urea, followed by electro-
phoresis in the presence of sodium dodecyl
sulfate (SDS) in the second dimension - was
done with the ISO-DALT system as described
by Neel et al.?* The anti-TPI immunoglobulins
(400 ug) bound to Protein A Sepharose (50 ul)
were cross-linked with dimethylsuberimidate as
described by Reeves et al.*> About 5 ul of the
immunoabsorbents and erythrocyte lysates
containing 50 units of TPl were mixed overnight
at 4°C. The mixtures were transferred to
microcolumns made with Eppendorf yellow tips.
The columns, in microcentrifuge tubes, were
centrifuged to drain off the immunoabsorbents.
After the columns were washed five times with
100 ul of 50mM TEA buffer (pH 7.6) containing
0.15 M NaCl, the bound TPI enzymes were
eluted with 30ul of 9 M urea containing 2%
2-mercaptoethanol and 2% NP-40 by centrifu-
gation. The elutes (2~4 ul) were analysed by
2-D PAGE, and the gels were stained by a
modification of the silver staining method of
Wray et al.*®

Isolation of Isozyme Bands. Each isozyme band
of TPI was isolated essentially as previously
described!® except that gel filtration on Sephadex
G-75 was used instead of the diethylaminoethyl
(DEAE)-cellulose chromatography before the
preparative polyacrylamide gel electrophoresis.
Each enzyme f{raction from the isolated and
concentrated isozyme band (about 400IU/ml),
divided into microtubes (50ul each) in the
presence of 0.1% BSA, was stored in liquid
N, until use. Each fraction, corresponding
to the primary isozyme band of either normal
homodimer, was used for the
characterization.

or vanant

pH Stability. The stability of the allozymes in
buffers at pH 5 and pH 10 was examined by

BRx®. ZEMEHAEZ2BAVZOWERKXINE, 6.2%
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incubating 2.5 units of TPI in 100 ul of 200 mM
MES-NaOH buffer at pH 5 or 200mM CAPS-
NaOH buffer at pH 10, both containing 5%
sucrose. After incubation at 36°C for six hours,
the sample was diluted with 1 ml of the dilution
buffer and assayed for the residual activity.

Other Methods. Thermostability, guanidine-HCl
denaturation, immunoinactivation, and kinetic
studies were conducted as previously described !’

RESULTS

Electrophoresis.  Polyacrylamide gel electro-
phoresis patterns for the three variants and
normal TPI are shown in Figure 1A. The observed
patterns were very similar to those on the starch
gels.’! A diagrammatic interpretation of the gel
pattern is shown in Figure 1B. The subunit
compositions were confirmed by dissociation-
reassociation studies using the isolated allozyme
bands as previously described.®

1 2 3 = 5
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Figure 1. A. Polyacrylamide gel electrophoresis pattern of human erythrocyte TPI. The gel
was stained for TPI activity. 1) TPI 1 (normal), 2) TPI 1-4NG1, 3) TPl 1-2HR1, 4) TPI
I-2NGI1, 5) TPI 1. B. Schematic diagram of the gel of Figure 1A. Isozyme designations (a-e)
of Peters et all7 are on the left. Designations of postulated subunit compositions are as follows:
1, normal subunit; 4N, 4NG1 subunit; 2H, 2ZHRI subunit; 2N, 2ZNGI subunit. sl , primary
allozymes. (1, secondary deamidation products.

X1. A. EbFEMERTPIOEY 72007 I FYALERZRE., FLiE TP G RE 27 7-.
1)TPI L (IE# %), 2)TPI 1-4NG1, 3) TPI1-2HR1, 4) TPI 1-2NG1, 5 TPI1. B. X1 A
DTN OEAB]. Peters 57 12 L E3T7{VH A LOER (a~elxEMfIZRL £~ H#EEH T2 b
WBRKDODEFITRDEEVTHS: 1, EEEBIFT2=9 bF; 4N, 4NGlH#+7x2= b: 2H, 2HR1
#721=9 F; 2N, 2NGl #72=zvb. omm 1 XR7OH4{ A, IR T I FIEIZLEZ2 KEY.
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The normal and variant allozymes were compared
by 2-D PAGE with particular regard to molecular
weight. The silver-stained gel patterns of TPI
isozymes, purified from the erythrocytes of
a normal and the three variant individuals
by immunoaffinity microchromatography, are
shown in Figure 2. With our gel conditions,
TPI 1 (normal) appeared as a complex of six
spots; four clear spots, temporarily designated

1, 2, 3, and 4 in order of their cathodal
migrations, and two scarcely visible spots
beneath spot 1 and spot 2 (Figure 2A). We
interpret the largest, most cathodal spot (spot 1)
as the primary product and the others as
derivative. The pattern for a cathodally migrating
variant with a phenotype TPI 1-4NG1 is shown
in Figure 2B. In addition to the complex of
normal spots two more cathodal spots were
observed. @ However, there was no apparent
difference between the molecular weight of
variant and normal spots. The two most
abundant spots of the varian. pattern, observed
at positions of spot 1 and spot 2, seemed
somewhat elongated in the molecular weight
axis. This can be explained if the minor spots of
the 4NG1 variant and the normal spots (spot 1
and spot 2) overlap each other. We indicate
the presumptive primary product of the variant
by a large arrow and the degradation product
by a small one. The 2-D PAGE patterns of
1-2HR1 and 1-2NG1 variants are shown in
Figure 2C and D. No abnormal spots in the
molecular weight axis were detected. The
positions of the variant spots are indicated by
arrows. The major spots of both variants, which
appear to comigrate with spot 3 of normal,
were unusually heavily stained. This is not
unexpected considering that the isoelectric
points of the 2ZHR1 and 2NGI1 variants were
very similar to those of the degradation products
of the normal enzyme.”! The 2HRI1 variant
bands of erythrocyte TPI were markedly reduced
in intensity with an activity stain on the poly-
acrylamide gel electrophoresis (Figure 1A, lane
3): the wvariant spots on 2-D PAGE visualized
with the silver stain were also less abundant
than the normal and 2NG1 variant spots.

Activity. The level of TPI activity in erythrocytes
frcc normal and variant individuals is shown in
Table 1. The enzyme activity in erythrocytes
from the proband and her carrier father in the
instance of the phenotype TPl 1-2ZHR1, were
58% and 51% of the normal mean, respectively,

EERIZRB7Tuf{ Ls%2-DPAGE 2zHW\T,
FiiogFRIODVWTHBRLE., EXEEEU3IAD
ZRAVOFMNERSPSRIET 74 =24T4—<A4 70
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PNDOSFRETIE, TPI 1 (IEER) IZAD2DARy D
HEKRELTHRDI: T4bb, BERAGADEH
BEOIRIZRICAEy ML, 2, 3, 4¢{mBLAEUDD
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EMOEBSLEBEUHLTwEY ZE2EE T LT,
ZHNIETTFRNOFER TIL A v, RER TPI @2HRI]
RN FIEZEYT77YNLT I RAAVERFEOHEY
PAICEVWTZDEEFEF LB LTVA (K1 A,
COEREOARy ME, BRBEEHETH L
En7Z2-DPAGE i1z 4, EEEEU2NG]
HRBOAKRy PIZERED L TV,
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whereas the mother showed a normal electro-
phoretic pattern with a normal level of enzyme
activity. Thus TPI 2HRI1 is also an enzyme
deficiency variant. The other two variants
showed normal levels of enzyme activity.
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Hol. —FH, BEROBRGKE/ IS — VITIERET,
BEEEMLEHME2RL~. LA -T, TPI2HRI
TEEEXRBERERTLIS. ho2HoEREIL
EHGcEFEREEHEEZ AL .

Figure 2. Silver-stained 2-D PAGE pattern of human
erythrocyte TPI. TPl isozymes were purified as de-
scribed in Materials and Methods. Sections through
the TPI region of four gels. A) TPI 1 about 0.2 ug,
B) TPl 1-4NG1 04 ug, C) TPI 1-2HR1 0.4 ug, D) TPI
1-2NG1 0.4 ug. [Isoelectric focusing is in equilibrium
with LKB Ampholine, 80% pH 3.5-10 and 20% pH 5-7.
Larger molecular mass range is at the top of the gel.
Normal spots are shown with numbers (1-4) and variant
spots are indicated by arrows. The spots indicated by
I and larger arrows are the postulated primary products.
Subunits designations (4N, 2H, and 2N) are from
Figure 1.

2. v k#MmMmE TPI® 2-D PAGE S ¢+ 5 {&. TPI
TAVHAL LORENL, ME R T HEIZRXRZLEDTH 3.
-~ Lo TPI ko4, A) TPL 1, #70.2 ug,
B) TPI 1-4NG1, 0.4ug, C) TPI 1-2HR1, 0.4 pug,
D) TPI 1-2NG1, 0.4pug. HFELSFER[KIIE, LKB #
@ Ampholine TpH 3.5~10m ¢ ® #80%, pHS ~7 D
LtDE0%DEAETHVWTIT-A. S FROLOHF
I ESirE TS, EEARy MIFS (1~4) THRL,
ZERARy MIREBTRLE. 1RUAZEVWRHITALL
Ay b3, —KREWEEZILNDE. Y729 DB
(4N, 2H R U'2N) 13, H1 14 7.

TABLE 1 THE LEVEL OF TPI ACTIVITY IN ERYTHROCYTES FROM NORMAL
AND VARIANT INDIVIDUALS

#1 [FEHEERUERRGE EORIMER TP F14E

Subject Phenotype (?G?;g) % of normal mean
I 1-4NGI1 2081 93
I 1-2HR1 1295 58
[I-Mother 1 2100 94
II-Father 1-2HR1 1139 51
II1 1-2NG1 2259 101
Normal* 1 2234 £217 100£9.7

(mean=SD, n=310)

*Data from Satoh et al> hESP ODF—4
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Stability. Thermodenaturation studies were
conducted at 55°C and 57°C (Figure 3). The
2NG1 allozyme from the proband is significantly
more thermolabile at both temperatures than
normal allozymes. The normal allozyme required
52+1.7 and 25 £ 1.6 minutes (mean = SD, n=9)
to lose 50% activity at 55°C and 57°C, while
this variant required 26 and 13 minutes, respec-
tively. The variant allozyme from the father
showed the same instability. The 2HR]1 allozyme
is slightly more thermolabile than normal, this
variant requiring 44 and 21 minutes to lose 50%
activity at 55°C and 57°C, respectively. Family
study confirmed that the instability of the 2HR1
variant, although not so significant, was also
genetically transmitted. There was no difference
in heat stability between the 4NGI1 allozyme and
the normal allozyme.

LEM. HTMEBRIIST &57C TiT-7- (M3).
HIEEDZ2NG]L Tu¥4{ Lld, winOmEIZHVWTE,
EER7OHLf LIIERBOTHFILETHS. IEE
Bl 7 044 L #55C ¢57C CiEME250%% 5 DIZHE
T AEEIE2 1. 79 ¢ 2521.6% (mean = SD,
n=29) Th--/d, ZOERBDEFIE, Thih,
263 &13 Th-7. LHAHBERODEEZE TOH AL L
DAL EMER L. 2HR1L 704 LLIE %R
IZEENPRB A EETHY, 55C £57C TilitE%250%
EIDIZ, ZhEh, G L2l sR 7. KEAE
DER, 2HRIZEB O EEHIT, FVHAESL
LOTIE WY, REVEZNLZ2BDTHE I EH
Walahr. 4NGl 7oA L L EEB 7O A4 4
EDBEEMEIIERITI L o1z
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Figure 3. Percentage remaining TPI activity after heating for various times at 55°C and 57°C.
Three 100 ul aliquots of each allozyme were heated in thermistor-controlled water bath (X0.1°C
accuracy) for 10, 20, and 30 minutes. After incubation they were placed on ice, and remaining
TPI activity was determined. Mean =SD for the nine normal is shown with shaded lines.
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Fk B2 L, BE TPIEEEFMEL ..

Gl D IFE B mean = SD 288 TR L 7.



The stability of the allozymes to guanidine-HCI
was examined by incubation with 0.9 and 1.1 M
guanidine-HC] in the dilution buffer at 30°C
for 30 minutes (Table 2). Both the 2ZHR1 and
2NG1 variant allozymes were less stable than the
normal allozymes, but the 2HRI1 variant was
much more sensitive to guanidine-HCl denatu-
ration than the 2NGI1 variant. No difference was
observed between 4NG1 variant and the normal
allozymes in the denaturation test.
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BB TV IIxTa7a0¥f LOEEMEIZ0.9M
EUL.1IMoOEE7 7= vy HEREHEEKGS T, 30C,
N v Fax—3a3r2iT32 IR L =
(#22). 2HR1 R UENGl1 ZERE T4 LA W H
7TOHAf LICHRAEETH-1H, 2HR1 EEFAD
FACNGl ZERENIAREE 77 =7 YEMEIIALT
KN ThH-7. ZOZMABRIZEWT, ANGl ZEE
Rl EREETONA LEDEICEEIEDENE o L.

TABLE 2 PERCENTAGE REMAINING ACTIVITY OF TPI AFTER INCUBATION
IN 0.9 AND 1.1 M GUANIDINE-HCI SOLUTION*

#Z2 0IMERULIMOEBII TV VviEARDTA v Fa2—2 g 08B0
TPI OB FiEE%"

Remaining activity (%)

Subject Allozyme
0.9M 1.1M
I 4NG1 317 32.0
11 2HR1 41.7 16.4
1I-Father 2HR1 40.9 15.5
I11 2NG1 45.6 20.0
I1I-Father 2NG1 46.9 20.7
Normal 1 52.8%1.0 28.6%1.8

(mean £SD, n=9)

*TPI allozyme was incubated at 30°C for 30 minutes in the dilution buffer containing
0.9 or 1.1 M guanidine-HCL. 100% activity was the level of activity after incubation

in the absence of guanidine-HCI.

0.OMXRI.IMOER// T2V 280 KRAEEAEF T, TPI 7TuH4 4L %230C T307 R
{A vFak—vgo L, BEIF T2V 5% MAGWT, v Fax%—Yary L-BOEEME

100% & UL 7=

The results of stability tests in buffers at pH 5
and pH 10 are shown in Table 3. The 2NGlI
allozyme was significantly labile in pH 5 buffer.
The remaining activity of the 2ZNGI1 allozymes,
isolated from the erythrocytes of the proband
and the father, after incubation in pH 5 buffer
at 36°C for six hours was about 40% less than
that of the normal. This variant was also more
labile in pH 10 buffer, the remaining activity
being 15% less than the normal mean. The
2HR1 was slightly more labile than normal in
pH 5 buffer. On the other hand, the 4NGI
allozyme was more stable in pH 5 buffer, the
remaining activity being about 20% greater than
the normal mean.

pHS5 R U pH 100 & Hkirh TOXRENHRRBROE R %
F#3IZR/ULAE. 2NGl 74 Alx, pH 5kl #
TREFLLIAKLETHh- . BIBHELZOLBOD
FRMERA, 55 MEL 7-2NG1 7OH A4 L%, pH 54 lf #%
HT36C TOREMIA v F2—N—2 3 LEBORTF
mMEL, EEELIVHOBELI- . ZOEFRER D
pHI0REH#Eh TLEALKETHD, ZORFHEMER
IEHBIOFIG & V15% K » - 7. 2HR1 13, pH5
P CIEHE IR AEETH- 2. — A,
ANGl 794 LAl pHS ODBHE TEIVKETHY,
T ORFEEIEEROFEHBELIN20%E » - 7.
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TABLE 3 PERCENTAGE REMAINING ACTIVITY OF TPI AFTER INCUBATION
IN BUFFERS AT pH 5 AND pH 10*

%3 pHS RUpHIOOEERFPTA v Fax—Y 3 vHOTPI OBRFEEYT
Remaining activity (%)
Subject Allozyme
pH 5 pH 10
I 4NG1 80.6 79.9
I-Father 4NG1 83.4 80.3
II 2HRI1 548 15,3
II-Father 2HR1 56.3 73.5
II1 2NG1 25.9 65.9
ITI-Father 2NG1 22:1 68.8
Normal 1 65825 80.0%1.7

(mean =SD, n=9)

* Assays were conducted as described in Materials and Methods. 100% activity was the
level of activity after incubation in the dilution buffer; no differences were observed
before and after incubation in the dilution buffer.

EMREE, MERUFEOR TRENAEAFETIT- 4. REERKTTOL > F2x—-23 YHED
EMEAE100% E LN, 4 vFa—YayOMBETEIEDSN L H o k.

Kinetic Properties. With duplicate or triplicate
determinations for each point on the kinetic
curve, the normal allozyme had a Michaelis
constant (Km) for D-GAP of 0.35%0.01 mM
(mean* SD, n=9), while the Km values for the
4NG1, 2HRI1, and 2NGI1 variants were 0.39,
0.33, and 0.34 mM, respectively.

The effects of structurally dissimilar inhibitors of
TPI (a-glycerophosphate, 2-phosphoenolpyruvate,
and fructose 1, 6-diphosphate) were studied.
The concentration of the inhibitors was selected
in order to inhibit about 30% and 70% of the
normal allozyme. None of the variants was
more or less sensitive to the inhibition than was
the normal allozyme (Table 4).

Immunologic Properties. The rabbit antibody
prepared as described in Materials and Methods
seemed to be monospecific, since only a single
precipitin line was observed on the Ouchterlony
double diffusion test with either purified or
unpurified normal human TPI. None of the
variants showed abnormality in cross-reactivity,
as a single continuous precipitin line equidistant
from the antibody well was observed between
the normal and the variant allozymes. TPI
is inactivated by association with antibody. The
immunoinactivation profiles of the normal and
the variant allozymes were almost identical.

10

D1 Z T4 97X E. B4 ML T duplicate
X \% triplicate QP EEIT VWAL 7T 4 v 7HIB %
e L. EEE7o+FL LDOD-GAP 2+ 3
Michaelis E ¥ (Km) (£ 0.35+ 0.0l mM ( mean =+
SD, n=9) Th-7/7, ZTEIAING], 2HR1 AV}
2NGl D Km fiHl:, £ £ #1, 0.39mM, 0.33mM
EU0.34mM Th - 7-.

TPLIZxf 3 2H5E00IC R % 2IHFA (a- 7)) L OBEEE,
2-FAFZT/ —NENY VB, BRUT7ML7 F— A1,
6-288) OWELAN. EEM T oW LENE
DFI0% B UVTN0% #HET 2 L) ICHERDOEE %
HELE. WTHNHOZERRE, FEEET7OHA AL
e, HEOREEICXIRD oo (F4).

I FRENE. Ouchterlony — &1 i &l B& T |1,
B LAEERe b TPL2ZEVWASES L, SRl Tu
Wk b TPLZRAVWESREGE, —ADEERL »BE
SN0 T, MERUTBFEOBE TN L DI
{EBLL 7= 794 PI{KIL monospecific TH I EBE b
EHEBT7OF, AEBERBTON, ADMIZ, TFZ
ANZZEER>PSEREEIZ, LA —FDMHMH T H4
EmABEsh, WTFhOERVLZERIGEIZSWL
TREZRE o7, TPLR, HkeEET A1
FOREE bash 3. ERREERA 7 OWF A LOPUE
IZEA3REEIbo 7072 1 —MIZIRIERIC ThH - 7.
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TABLE 4 EFFECT OF VARIOUS INHIBITORS ON THE ACTIVITY OF
NORMAL TPI ALLOZYMES FROM HUMAN ERYTHROCYTES*

7z 4

fii 4 DILER AL FPRMEROIERE TPI 7044 40D

EEICRIF TR

Inhibitor

Remaining activity (%)
(mean£SD, n=9)

a-Glycerophosphate
0.72 mM
3.0 mM

2-Phosphoenolpyruvate
0.1 mM
0.5 mM

Fructose 1, 6-diphosphate
7.0 mM
35.0 mM

63.7x£0.7
30.2x0.4

77.0x0.9
41.0x1.0

711 %13
36.9£0.5

*Assays were conducted as described in Materials and Methods except
that the D-glyceraldehyde 3-phosphate concentration was 0.4 mM.
The inhibitor concentration refers to the final concentration present

in the assay.
absence of added inhibitor.

100% activity was the level of activity determined in the

HEZEEL, D-FYELTLFeEFIMEBOBE>0.4mM LA 1EH21E, HEEY
FEOHETRHEEL-LENTHS. HEHOBEIZ, RHPORFERETH L.
AFEHRA2FEMNMLZOTHMEL ~FBYER2100% & L 7.

DISCUSSION

Electrophoretic variants of TPI are rare; popu-
lation studies yielded only nine variants of
seven different types in a total of 23,701
individuals.!”!®2%21  The present study charac-
terized the three variants found in Japanese.
Each variant had a Km for D-GAP which was
similar to the Km obtained for electropho-
retically normal allozyme. Also, the sensitivity
to inhibition by three different inhibitors was
similar to that observed for the normal allozyme.
The structural change associated with altered
electrophoretic mobility does not affect the
active-site region of the enzyme, at least to
the extent that it does not alter the kinetic
properties of TPI molecule. A summary of the
unique characteristics of the five variants
including the two variants (TPI 3HR1 and TPI
Man), previously studied by Asakawa and
Mohrenweiser,'? is shown in Table 5.

The level of TPI activity in erythrocytes from an
indijvidual with the phenotype TPI 1-2HR1 was
about 60% of the normal mean. As evaluated by
both TPI activity staining and silver-based
protein staining, the amount of the 2HRI
allozyme in erythrocytes was markedly reduced.

11

£

TPILOBRAZB LOZERENIFIHTHY, BED
HEHBEETH, SH2B,701% 45 7THEOZERIN
OFfER ah 1o &4 D200 AW O R
Tlx, HEAIZBRE ahZ3HOZEBOFFIEIIDN
TR, EZREOD-GAP 124§ % Km fH I,
BRAMEEE 279 LOKn fHE[FAROEDT
hol-. T/, 3SHORLAMEFEAICTTIRRED
FEEIlFTOH A LILEORLD LEIRTH - .
ERxH Lo HEOELEZEI L 2MELD
Zilx, BFEOoOmMEHMIIHGLT, 245 &,
TPI 3 DH4 2T 4 v 7 AZLSEITROME =
Bz 7w, LIETEN A U Mohrenweiser ™ A7 f g4
-2 ER (TPI 3HR1 XU TPI Man) %
EH-S5THEOERBOREALDFEE2ERSIZT O,

#ZWHEA TPl 1-2HR]1 TH 3R EDHRIMLEK TPI @
IETEEIL, IEEEIFESEEOH0% Th-o7z. TPL EiE
eta R OURBREELIFVWEEARGB» SHIT§5 &,
FMEkh D 2HR1 7uHF 4 20 IFELLHEHDPLT
Wi, B, iRV AREEAEAEERIZBVT,
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TABLES CHARACTERISTICS OF ERYTHROCYTE TPI VARIANTS

# 5 IRILER TPI & 2% 0 Fi
Stability
Allozyme pI* Activity
Heat Guanidine pH S5 pH 10

1 5.6 N N N N N
4NG1 6.6 N N N Stable N
2HR1 5.2 Reduced Slightly Labile Slightly N

labile labile
2NG1 5.3 N Very Slightly Very Labile

labile labile labile
3HR1TT 5.2 N N N N N
Manchester T 6.8 N Very N N N

labile

* Data from Asakawa et ':11;11
N 6 DF— %

T Data from Asakawa and Mohrenweiser
%) K F Mohrenweiser® M+ — #%

19

% Hiroshima-2 variant (Asakawa and Mohrenweiser'?) was renamed 3HR1 (Asakawa et al*})

Z®El Hiroshima-2 (i%)I| & F Mohrenweiser' } (%,

Moreover, in immunoinactivation experiments
no extra cross-reacting protein was detected.
Thus, one can speculate that the low level of
TPI activity in erythrocytes of this variant is
not due to the decreased specific activity of the
variant enzyme but is due to the diminished
protein concentration of the variant molecules.
In contrast, the variant bands observed in patterns
of peripheral lymphocytes, mitogen-stimulated
lymphocytes, and hair root cell extracts from
the same individual showed normal activity, as
evaluated by the staining intensity.”” On the
other hand, 2HR1 variant is much more sensitive
than normal and the other variants to guanidine-
HC1 which dissociate enzymatically active dimeric
molecules into inactive monomers. Accordingly,
we presume that though the 2HR1 molecules
with normal specific activity are synthesized
in normal quantity, nevertheless, the variant
molecules, which have a defect in the function
of holding the dimeric structure, unfold and
degrade during aging of erythrocytes.

The 2NGI1, an anodally migrating allozyme, was
very thermolabile at 55°C and 57°C. This
variant allozyme was also very labile in buffers
at pH 5 and pH 10. The structural change
associated with increased lability in the stability
tests was not extended to its in vivo lability in
which the affected individuals had normal levels
of enzyme activity. Peters et all” reported that

3HR1 + &AL

12

- (Nl 53 ).

£ 5l 7% cross-reacting protein Tf &S 1 % H - /2.
L7AST, COERBOFMERICEHITS TP &5

Ewold, ZREEFOLFBFHOVETIZLEZDTIE
L, BERFTTOEABEOKTICES8DEEZ
bNd. ZhIZHLT, BLXNEA»LEHLEKM
) 2238k, Hhas ) vovER, BRAMBEMEH O —
uﬂﬁéﬂﬁﬁﬁﬂﬂka REEEELSHEr LT
IEHZWMEE2R L. " —F, 2HR]1 ZRERI, BER

FLTHEE S E T35 A v— G F a2 iENL2E /v —
TR TIEE 7 7TV LT, EERERY
FOMDEELD T VERZEERT. LAV T,
EHziEEZ2E+22HR1 FIXEERER S
AiICbhhrbed, ¥4 v—fEs#ET e
K2 ETI2EES 1L, FMERD MK & 128
L, 8 T45E&EBEZ6N 53

Al B#+ 37044 4 TH32NG1 X, 56T
BRUSICIZEVWT, MO TARARELEETH-7/~. 20D
ZEMM7OH, LlL, pHS R U pH 10D &ML T &
O ThHAEETH-. TEBHARIZELTHL
A EEMEL 6 LAME LOZEL, ERAUDEF
ATOARELEEMZ2ELFTILEE-STHSLT,
ZREGBZOBERGFHRRIEETH - .
5113, TPI 1-2 ZEA L FERO Km ffi, pH Atk

SR

Peters



they found no significant differences between
the TPI 1-2 variants and normal in the Km values,
pH activity curves, and heat stability. Although
the electrophoresis pattern of the TPI 1-2NG]
phenotype is very similar to that of 1-2 variant
of Peters’, we distinguish the two variants from
each other with respect to heat and pH stability.

TPI Manchester, a cathodally migrating variant
found in Caucasians,’® was very thermolabile.
The thermodenaturation profiles of the
Manchester variant at 55°Cand 57°C, reexamined
in the same condition, were almost identical to
that of 2NG1 variant. In contrast, TPI 4NGI,
also a cathodally migrating variant associated
with normal activity, kinetic, as well as
immunologic properties, was more stable than
normal in a stability test with pH 5 buffer. It
seems possible that unique conformational
alternations, one associated with decreased
thermostability and the other with increased
stability in acid, are reflected in electrophoretic
mobility, in consequence of which the order of
cathodal migration on the isoelectric focusing
between the 4NG1 and Manchester variants was
not consistent with that on the starch gels.*!

TPI isozymes were purified in only one step by
immunoaffinity  microchromatography from
small amounts of limited samples with a high
recovery, while conventional purification
required a large quantity of enzyme source and
long purification periods. The purified TPI
isozymes were analyzed on 2-D PAGE in
combination with silver-staining. The varants
and normal molecules exhibited almost the same
molecular weight, indicating the variants most
likely result from single amino acid substitutions.

The evolutionary conservatism of TPI plus the
paucity of variants suggest that this molecule is
under strong selective pressure. This impression
is confirmed by the present and other studies on
the properties of such variants as have been
detected. Three of the five variants characterized
thus far exhibit properties which could to some
extent impair their in vivo effectiveness. One
appears functionally normal. The fifth, however,
in one property “exceeds’ normal. Whether this
would constitute a selective advantage or not is
unclear.

13
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gk UvREEF cFELZTEDo 2V ERE
L 7=, TPI 1-2NGl EZEHHM O TR/ XNy — v &
Peters D 1-2 ZRAD /3% — L 1ZEELL L T W 3 A,
MAEE, REEEREPHEEEDESTHRTE S

e hz, BRAmABWTAERETHS
TPI Manchester 1, B T AL E Th-o 7.7
55C &57C 12 517 5 Manchester Z 2 8 0 2R %
7a74—NiE, RUCRBEFTHBRELZE Z A5,
NGl EEZRDEDEIRXELEAERUETHH L. ZHIC
LT, BEaAmiBEHT2ERTHS TPI ANG]
DEME, P4 373 T4 v 7 ARUREFHEEGIERET
hold, TORREIpH 5 DEMHHR 2 B WA LE
T AMTCIHEERHIZERIVEETHE2. —FHid
BLEEMHOET, £ ) —FHI3BEREIZIE T S%EE
Mo ERE2E) &) 2@l40ERBEENE IR, ER
B EoOBHEIIRBENELEH)IIBHNSE. 20
g2 OANGL R T X Manchester 2 22l D 3l D,
HFELBRA BT @B mMADREEOIRRF L,
BV ERWESSEE L 2L

REXROHMETIE, REOBEEREEEMIZLALS
MRl MAsNEL LA, 40, TPI 74 VH# 4 A
3, REERSEFE2BVWET 7124 T4 =707 b
7574 —RHVWTIRDDOHA3LHOAE DS G

FETHTH»1 TRETHE T2 AT, HE
ah’=TPI 74 v#A4 A, BRrEFELEsgbEL
2-D PAGE T4t L. ZERELEERS 1
FEAERI LD FREZT LAY, TOZEIX, 25
DERBFE —7 3 /BEAEBRIZEIVEL ZTHENED
FaaniElL Twa,

F-r-l] L':"

TPI OEABEEI BN L &, BREPB LN &
m,#mﬁ%#ﬁbﬂﬁmﬁ FTwaZE T
T5. ORI, REFTIIREENLZZIOHD
ZHRBDFMEICE T 240 O %K AU O % (S
IOMEEansz, ChE TIZEESHS I E R
SHOERRID S &, 3/, £ERNIIEIT2HE8D
HatEzds3EEHE YL EFEZARL TV 3.
1 FlOERBIIBEEMICIEE ThasL )28 bN 5.
LA»L, BS5FBOZEREIEL, —2DOFHIIHNT,
EHERLY“EAT VWS, Zhd, EHKIHITS
AfltEzRmTL0H2E D SIEBES A TIE G V.
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