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SUMMARY

Four electrophoretic vairants of human erythro-
cyte triosephosphate isomerase (TPI) have been
studied to investigate the origin of the multiple
forms of human TPI, in particular the constitutive
TPI-B isozyme and the cell division-associated
TPI-A isozyme. The variant phenotype expressed
by the constitutive TPI-B isozyme in both
erythrocytes and peripheral lymphocytes was
also expressed by the cell division-associated
isozymes in mitogen-stimulated lymphocytes and
hair-root cells. These results strongly support the
hypothesis of Decker and Mohrenweiser that
TPI-B and TPI-A originated from the same
structural gene. We also found that the isozyme e
1s different from TPI-A with respect to both its
electrophoretic mobility and heat stability. This
finding is in contrast to the recent conclusion of

Yuan et al that both the isozyme e and TPI-A are
deamidation products of TPI-B.

INTRODUCTION

Human triosephosphate isomerase (TPI; EC
53.1.1), a dimeric enzyme with a molecular
weight of 53,500,'shows multiple electrophoretic
forms. The molecular basis of the multiple
isozyme forms has been investigated at several
laboratories over the past decade. Extensive
research, however, has not resulted in uniform
agreement concerning the genetic basis for
these multiple bands. The enzyme from erythro-
cytes normally exhibits five isozyme bands,
three major and two minor. The most cathodal
band of these isozymes has been referred to as
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isozyme a by Peters et al® or TPI-B by Kester
et al.> The series of more anodally migrating
bands, designated isozyme b-e by Peters et 511,,2
have been shown to originate from isozyme a
via sequential deamidations of asparagine
residues at positions 15 and 71.%%  Although,
the number of the isozyme forms and relative
distribution varies from tissue to tissue, the
isozyme a or TPI-B is constitutively expressed
in all human tissues.

In addition to the constitutive isozyme (TPI-B)
and the associated deamidation bands, other
isozyme forms have been found in several human
tissues and fibroblasts.®>  During mitogenic
stimulation of lymphocytes, Kester and Gracy®
observed the de novo synthesis of a prominent
isozyme which migrates to a position similar to
that of isozyme e. They designated the isozyme
TPI-A and proposed that TPI-B and TPI-A are
under independent genetic control.’ Their
two-locus hypothesis was further supported by
the structural analysis study of Yuan et al,T
which revealed differences in the amino acid
compositions and the tryptic peptide fingerprints
of TPI-A and TPI-B isolated from placenta.

Evidence that the multiple forms of human TPI
are not due to multiple genes came from a study
of a rare electrophoretic variant of TPI. Decker
and Mohrenweiser® observed that in a family
exhibiting a rare variant of erythrocytic TPI-B,
the TPI-A of cultured lymphocytes exhibited
a similar abnormality and interpreted this as
evidence for a single structural locus for the
constitutive TPI-B and the heat labile TPI-A.
Decker and Mohrenweiser”!® observed an
additional isozyme migrating quite anodally to
the other isozymes, this isozyme én a sample
from an individual with a slowly migrating
variant, varied concordantly with the other
isozymes. These bands were observed only
after prolonged staining. They interpreted
these bands as representing the homodimeric
form of cell division-associated TPI isozyme and
suggested that in view of the relationships of
the various TPI bands, the appropriate termi-
nology for the constitutive TPI subunit was “17,
for the cell division-associated TPI subunit was
“2” so that the three sets of isozymes were
1/1, 1/2, and 2/2. A variant would be charac-
terized by the following primary isozyme
patterns, 1n/1n, IN/1v, 1v/1lv;IN/2N, 1yv/2N
+ In/2v, 1v/2v; 2N/2N, 2N/2v, 2v/2v (the

7444 La, XliKester 5312510 TPI-Bé&
GZshhTWwa. Peters 52 12 L0 T VA hb-el
GRENFLOLVEBERAICIBE T3 —HED/N Y FII,
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HAZEFTADBENTWVS. TAVHL LOE L HX
AFITHEBICE->TELZ SN, TA VA4 La XL
TPI-B i3+ XThk MAKIZEBIIZERT 5.
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REHmIIOBBEEINSE. HSIE, DY Pz
cell division-associated TPI 74 v #4 LOFEHE S
RIOBEE LTSHEL, ML TPI N Y FOMEDL S
Z T, constitutive TPI 47 1=y b % 17, cell
division-associated TPI #+ 72y +% 27 & T 5
DHABRYTHBELIEELE. LEF>TIHDTAY
#A4L21/1, 1/2, 2/2¢ 455, BEIOFERRIL,
KDL& 3 % primary 74 VA4 L5V ThH 5.
Thbb, Iy/lne IN/lys /1y In/2n Ly/2nT



“N” and “V” nomenclature represents the
normal and variant subunits, r&spectively).m

We will follow this general terminology in this
paper.

We have previously described four electrophoretic
variants of erythrocyte TPI, each encountered
only once in some 15,000 Japanese.!'  The
present paper sets forth the results of an electro-
phoretic study of the peripheral lymphocytes
as well as mitogen-stimulated lymphocytes
from four individuals exhibiting TPI-B variants

and the carrier parent of three of these individuals.

Since TPI-A is also observed in hair-root cells,
the isozyme patterns in the hair-root cells from
four subjects, two propositi and the carrier
parent of each, were studied. These studies
support the one-locus concept.

MATERIALS AND METHODS

Blood samples were drawn into heparin as
anticoagulant. Lymphocytes were isolated by
centrifugation in Ficoll-Hypaque (Pharmacia)
at 400x g for 30 minutes, and washed three
times with balanced salt solution. Half of the
lymphocytes as well as washed and packed
erythrocytes were stored in liquid N,. The
remaining lymphocytes were transferred into
RPMI 1640 media (Gibco) containing 20%
fetal bovine serum (Gibco), penicillin, strepto-
mycin, and 10wug/ml of phytohemagglutinin
(PHA). The cell concentration was adjusted to
10° cells/ml and cultures were incubated at
37°C with 5% CO, for 72 hours. The cells,
harvested by centrifugation and washed three
times with saline, were stored in liquid N .

Erythrocytes, Ilymphocytes, and cultured
lymphocytes were lysed by resuspension in
three volumes of 50 mM triethanolamine—1 mM
EDTA buffer, pH7.6, containing 5% sucrose
(extraction buffer) and by two cycles of freeze-
thawing. Three to five hairs with roots were
plucked from the head. The roots (bulbs and
sheaths) were cut from the hairs, mixed with
the extraction buffer (5 ul per one root), and
extracted by three cycles of freeze-thawing.
All the extracts were centrifuged at 30,000Xx g
for 30 minutes at 4°C, and the clear supernatants
were frozen in liquid N, until used.

Electrophoresis was performed on 6.2% poly-
acrylamide slab gel (6% of acrylamide and
0.2% of bisacrylamide) in a continuous buffer
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HA& A#15,000% 1250w T, 21 RBLHED
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Tit, VIpTic@meE Ll 2" xR TIE3TPI-BERE =
TTAME, FOILD3IFOEHETHELIB N5
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ZL-A2B A5 LBRMARIZBETSZTA VA A
IR —VIZOVWTEMEF L. ZhsDOMmiTERIT
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L 7=. ') »/VvEk | Ficoll-Hypaque (Pharmacia ) H7,
3047}, 400X gD @Ak 77EEL, balanced salt
solution T3MPEIF L. VRO ¥ E, (RiFL
Ny 7 L RERIZEAREREPIIEAEL L. KD O
) 3 EkI320% D YRR it (Gibeo ), <=1,
AL 7 b4y R, 10 ug/ml @ phytohem-
agglutinin (PHA ) # 5% RPMI 16405 H (Gibeo ) @
hizf L. MIBEEEEE %106 cells/ml [ZF¥EL, S
W %E37TC, 5% CO, TT2HEMEEsE L /=, Alaids O
BIZXDERELL, EHAEAKT3 GG 2 TV iRE
EXRPIIRIEL 2.

ARILER, ) ¥ VERR ORS#EY) v ovBkiE, 5 % O EELE
%4 450mM FYT¥ /— L7 2 -1 mM EDTA 45l
e, pH 7.6 (& lgL) @ 3 fFiEht 12 Bl s ¢,
HEE-gal bt 2ot TiEMmMEw2. BREDODODV
3~54KxNETELIkx, ZOER (RIRE L 55)
*BROEHISCYDEEL, MM HETER (BRI 4IC
DEbul) EEBEL, HE-MAAZ3MEEVELME
L7=. +XTOMEIEIZ 4T, 30,000Xg T30 %
mlh L, EEARIERT 3 CHAESERDITIHHE
¥

BRFEICIE, 6.2%FRYTIIYNTIFATTH L
(6% T7T27UNTIF, 0L.2%EATZYUNLTIF) &
Huw, YUVEkEf#oEEE - 612 0.04M Tris-
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of 0.04M Tris — 0.2M glycine at pH 8.5, at
30 mA/gel for 3-4 hours using Pharmacia electro-
phoresis apparatus GE/LS II with cooling at
8°C. Gels were stained for TPI activity by
a modification of Scopes’ method,'? using
cellulose acetate membrane instead of filter

paper.

Human TPI was isolated from placenta as
previously described.’® TPI-A and TPI-B were
separated by DEAE-Sephacel (Pharmacia)
chromatography. Both isozymes showed a single
band on sodium dodecyl sulfate (SDS) gel
electrophoresis as well as nondenaturing gel
electrophoresis with a Coomassie Blue staining.
Two-dimensional polyacrylamide gel electro-
phoresis (2-D PAGE)-isoelectric focusing in
the presence of 9 M urea, followed by electro-
phoresis in the presence of SDS was carried out
as described by Neel et al.’ Gels were stained
by a modification of the silver staining method
of Wray et Al

Enzyme activity and hemoglobin content were
measured as previously described.'!

RESULTS

The normal electrophoretic patterns of TPI
isozymes from human erythrocytes and from
cultured lymphocytes are shown in Figure 1A.
TPI-A, which was barely visible in uncultured
lymphocytes, under these conditions, comprised
about half of the total TPI activity and was
visualized slightly anodal to the e band of
erythrocyte TPl. In order to demonstrate the
difference of mobility between the two isozymes,
extracts of erythrocytes and cultured lympho-
cytes were mixed and electrophoresed (Figure
1A, lane 2). A double banded pattern observed
at the position of the e band and TPI-A indicates
that the two isozymes do not have identical

mobility.

A heat denaturation test revealed further different
characteristics between these two isozymes.
Hemoglobin (Hb) A, purified by isoelectric
focusing, was added to the extracts of cultured
lymphocytes. The extracts of erythrocytes
and cultured lymphocytes, both containing Hb
A adjusted to 7g/100ml, were incubated for
15 and 30 minutes at 52°C. The TPI-A of
cultured lymphocytes was very heat labile as
described by others,® and was specifically
inactivated after incubation at 52°C for

0.2 M glycine #Efif#%, pH 8.5%{EH L 7=. Pharmacia
HERAKMEBRBGE/LS T 2#HW, L1447
0mA T3 ~4K:H, 8CTukzaiT-~2. 7LD
dufa |3 Scopes D HFEZ IZHEWV TPI BB EITo
2 H, EEOKbLYIZEVI-ATET— MR
FH v 7.

v~ TPI X, LIRflzai~z B3R ThefEL, o MR L
7. TPI-A & TPI-B |3 DEAE-Sephacel (Pharma-
cia) 7w b3 241l k>THEELE. 26D
TAYHAL LIZHH & L, sodium dodecyl sulfate
(SDS) ¥ LEBERZFMIZFVWTYE, EEAzAHAVE L
FLERIKE 25 W TE Coomassie Blue Hefs TH —
Ny F&ER LA, IMREHFETF CHEELSERXRD,
5l 2 %ty T SDS R KT 2 1T 5 2 RICE KT
(2-DPAGE) I, Neel 5" O HEIZIEST. T LD
iz, Wray 5° O BEEZzHZE L TT- L.

ML AT O b RIIEETICR N HFEN T
HIE L =,

fa =

v haRiMEk & 353 v RO TPI 74 V4 LD
E# s BEBRKI/ V-V 2R1AIZRLE, BELT
WEWY YNABRTIREEALYRZ 252 TPI-A L,
ThsDEtnd & CTPIEM 2D 2T %
L, KRMERTPI ® e sy FED b A ICERRMAIC
Hboshl, —OOBEOEHEOCXe R T 2O,
i L 2 RmER & BERE ) v ovEkERA L, ERKH
77 (1A, L—»2). e FETPI-AD
MBICRShE_—EFENRFORY—=YIF, Thb D
DTAVHFA LOBWMEINE—TIEEnIezanlT
V5,

MEMTAPTWE, Zhs 2074 VH 4 AR
FIIRB 2 3E»PHLAE S . FHRATEREIS
EOEslxh-~EFOo » (Hb) A 2553€) V2VERD
Maicinzsz., 2hZh7g/100ml IZEREEL L
Hb A # &8 i ER & O 8538 v 28k it ¥ =,
52C T R U304 v Fax—FL A K3
) R ERD TPI-A IE, BOMFEESP ICED RS
SNTVEEBNIEEIIBRTILETHY, 52CT
S EMEEICHERENIZEEEZE- L 157 AT



30 minutes. The enzyme patterns before and
after 15 and 30 minutes incubation are shown in
Figure 1B, lanes 3, 4, and 5, respectively. In
contrast to this, there were almost no changes in
the activity of isozyme e before and after
30-minute incubation, judging from the staining
intensity (Figure 1B, lanes 1 and 2). The same
heat instability was also observed in TPI-A of
fibroblasts, hair-root cells, and placenta.

oo Q.
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FMOMBAEDR K IZEITIEERSy—V 2 Th
1B OL—>3, 4 BUHIZET. oh b liatbEmiz,
TAVHA LeDiFEMEE, FEERE (K1B, L—r1
BU2) 258K LT, 3058 OMNERDR &% Tk
T EAEZTILL & o7z, [ElTR DA ZEENEIT,
PRAESAIfn, BEMBEECRRED TPI-A IZH5VWTY
BREashi.

Figure 1. A. Comparison of isozyme e and TPI-A. Samples are extracts of: 1, erythrocytes; 2,
mixture of erythrocytes and cultured lymphocytes; 3, cultured lymphocytes. B. TPI isozyme
patterns of erythrocytes (lanes 1 and 2) and cultured lymphocytes (lanes 3, 4, and 5) before
(lanes 1 and 3) and after incubation at 52°C for 15 minutes (lane 4) and 30 minutes (lanes 2

and 5). Gels were stained for TPI activity.

1. A. TAVH A4 he bt TPI-A O HE. ABRIRODIEHEASOMBETH . 1, KLk,
2, mMMER L) o RkDBES; 3, H®) k. B, FMEK (L—>1, 2) RURRE) /93K
(L—>3, 4, 5)0, Mg (L—>1, 3) W 52C TIorMN#E (L—>4) B U305 MER

B(L—72, 5)IcEHA3TPI74 V44 A

Thus, as a result of the above-described tests,
we believe that isozyme e differs from TPI-A,
although these observations are not in agreement
with those of Yuan et al* and Tollefsbol et al.'®
Their studies suggest that all the acidic forms of
human TPI, including the heat labile TPI-A, are
the results of spontaneous deamidation(s) of
the primary isozyme a.

e IS — v, A NIE TP iEERE 5175 7.

LT, ERoOFAMOER, FLAlx741
A4 Leld TPI-A LIEREBZLDEEZDDY, Tns
DEEFT B 1X Yuan 5 % Tollefsbol 5 OPFR &1
—HFHLzw. DR TIE, BALEMS. TPI-A
&b b TPI @ acidic form | 3 /X T primary
TAVHA LaDBARRENKET I MELOERTH S
ZENFFRBENATWVAS.
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Homodimeric subunit strur::.1:u1*1!3:F"’B as well as

heterodimeric subunit structure™” have been
proposed for TPI-A. The identity of the subunits
of TPI-A was examined by 2-D PAGE. The
silver stained patterns of TPI-B and TPI-A,
isolated from placenta, are shown in Figure 2A
and B. With our gel conditions, TPI-B appears
as a complex of six spots; we interpret the largest,
most cathodal spot as the primary product and
the others as derivative (Figure 2A). By contrast,
TPI-A exhibits not only the complex of spots
seen in TPI-B but an additional, more anodal
but similar appearing complex (Figure 2B). We
interpret this as evidence for the heterodimeric
structure of TPI-A.

A

*- 9

«—acidic

TPI-A (ZBAL T3, HAEESIY 72y MEE®
frieAToEREY Ty PREED? FER
xhTwad. TPIFAH 7229 b OE—MIc2vT
2-DPAGE #FlVWT#HEFE L. BEBEILSTHEEL L
TPI-B & TPI-A OREGEHRFX2ARUBIIRL .
KL VEHETIE, TPI-BIZ6EDOAKRy FOBE
KL THEENSY, BAZZDILDHEE KR Z K
HHIEREO ARy P 2HE—REW, ZOMERE
kMR +T 2 (M2A). Zhnicxl TTPI-A &,
TPI-B it Reh--8MEAEy MEANTEL, ING
iz TR DIBERM IR CBEE N 3HEGEFZ L
HRLTWwWA(H2B). FEAlZohzw TPI-A a7 O
LTS L3 DR L EZ 5.

<«— SDS PAGE

basic—

Figure 2. Silver stained 2-D PAGE patterns of the purified isozymes. A. TPI-B (I ug). B. TPI-A

(2 ugl.
H2. Hiflx

To test the one-locus hypothesis of Decker and
Mohrenweiser®!? the patterns of electrophoresed
samples from genetic variants of erythorcyte
TPIM! were examined. The isozyme patterns
in extracts of peripheral lymphocytes, hair-root
cells, and mitogen-simulated lymphocytes from
both a normal and an individual with a phenotype
TPI 1-3ygr; are shown in Figure 3A. The three
banding patterns of lymphocyte TPI from the
variant (Figure 3A, lane 6), very similar to
those observed in erythrocytes,’® are consistent
with that expected for a heterozygous variant
of a dimeric enzyme with identical subunits.

hiT74 Y44 LO8idE 2-DPAGE 8. A. TPI-B(1ug). B. TPI-A(2 ug).

Decker & ¥ Mohrenweiser 8" ¢ one-locus i # ki
HT a0, HMERTPI CHEHEMEERZRL L
WMEEYDRBIIOWTZ20BERXIMEOKE %
T-7=. H3AWZ, EHEENGEHERUCTPI 1-3y4p,
FBEARLAMNBELSBLKMY ¥ 232k, BIR
0 & 2 1f mitogen THIF L L 721 ¥ v ERO I AL 12
FUHATA YA LINI—V R TEDTH L. ZEH
Rhomonhsr) v NERTPILO3IEDNN T4 7
N — v (H3A, L—r6) 3k THEENL
N — B LEEL, F—H% 722y AR & R
G4 T—BXEOANTUEREREMIIMIEan 8D
E—HT 3.
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Figure 3. A. Electrophoresis of TPI. Samples 1, 2, 3, and 7 are cell extracts from a normal;
4, 5 6, and 8 are from the 1-3yr; variant. 1 and 6, lymphocytes; 2, 5, 7, and 8. cultured
lymphocytes; 3 and 4, hair-root cells. Lanes 7 and 8 are from a separate gel and have
been overstained to emphasize the homodimeric form of cell division-associated isozyme.
B. Schematic diagram of the gels of Figure 34. ‘1" are subunits of constitutive isozyme and
“2°" gre subunits of cell division-associated isozyme, while “N” are normal subunits and “3H”
are 3HR] variant subunits. [ constitutive isozymes; BB cell division-associated isozymes;
secondary deamidation products.

3. A. TPLoOESkd. ®#1, 2, 3, BUETRERED, £7/24, 5, 6, 83 1-3yg & &
iyt E2olamhe . 1 R U61:Y) » 258k 2, 5, 7, 811453 v 98k, 3 B UF4 13 BEAMN.

L=y 7TRUS MO INIZE S DT, cell division-associated 74 VH 4 LD:FEH &8 2 i
T2 ItikEaEBREE LTS, B, M3IAOXLVOERE. “17 I constitutive 74 /4 LD
HF2=y b, “2"1% cell division-associated T4 VY4 LDH 72y b Thd. "N ITIEHE
7Ly b, “SH"33ygERAH T2y FTHSB. 3 constitutive 7 4 /4 { L ; MEcell
division-associated 7 4 V # 4 A4 “RBIEE T 3 NMAERESD.

1“23H+ 13,.12"

The cultured lymphocytes and hair-root cell
extracts from a normal individual showed a
single major band of TPI-A (Figure 3 A, lanes 2
and 3). In contrast, the samples from the
heterozygous variant showed three new isozymes
(Figure 3A, lanes 4 and 5). The three new bands
were inactivated by the above-described heat
denaturation tests (data not shown), and
demonstrated that the three new bands are the
heat-labile TPI-A isozyme. We confirmed the
genetic basis of the three new TPI-A isozymes
by family study. The extracts of the cultured
lymphocytes and the hair-root cells from the

mother, erythrocyte TPI phenotype 1-3ygr;.
exhibited the same TPI-A patterns as the

propositus. Another even more anodally
migrating isozyme band becomes detectable in
the extracts of cultured lymphocytes when the
amount of enzyme applied to the gel is increased
and the staining time is lengthened. This
isozyme band has been interpreted to be the
homodimeric form of the cell division-associated
TPl isozyme.'° The cultured lymphocytes
from a normal individual showed a single band of
the homodimeric form of cell division-associated
TP1 isozyme (Figure 3A, lane 7), while the
sample from the individual with the variant
showed three isozyme bands (Figure 3A, lane 8).

FaEMREISGHLEERE) vV E BRI
WiHE T, TPIFAZ14AD AL 23 FEe L TaR
ch7- (K3IA, b—22R03). ZhiSHLTATO
EAERMOKEL, =20 LVWT A VHFAL Lz
LA (H3A, L—Y4 BU5). ZO3XKDFHL W
Ny Rk, FROBEEFTAN (T FIERE L 07)
2L TRIEL, BRAKEL TPI-ATA VHA LT
HhAZ LR aENE, ZO3EDFHLWTPI-A 74
WA LPRBELEEDTHS %, FRiNEIZELST
FEZR L 7=, AninEk TPI ZJ|MAH1-3zp THSEEH
W5 1gRERE Y v ovERk e BIREMAzO Mt T, BisE
FRILETPI-A O/ =Y &R L. FNSEMT S
BRI AL, RERMAZEET AHAE, BIC
ENBERAICBM T 3L 1EDT I VA LNV E
A, HEE) N BROMBEIIRETE SR IIIL 3.
ZDT A VA Lsvy K, cell division-associated
TPI 74 v H 4 LDFEESETHILEZLNT
W3 N EEENE BN, SFLRIEY VBRI cell
division-associated TPI 74 V4 2Dk EHFEFSHIC
B—NyFERLEN(X3A, V—rT7), BEEER
HET2x8 B> 582 B TRIFEDOTI VHA 4
Ny FERLAEA(K3IA, L—2>8).
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The constitutive TPI subunits are designated
““1” and the heat labile, cell division-associated
TPI subunits are designated “2”’ in accordance
with two recent reports of Decker and
Mohrenweiser.”’!® The “N” and “3H” nomen-
clature represents the normal and 3ygr; variant
subunits respectively. A schematic diagram
of Figure 3A and the postulated subunit
compositions are shown in Figure 3B. In a
random association of the subunits of the hetero-
zygous variant (ly, 13H, 2N, and 23y), four
isozyme bands (IN2N, IN23yg, 13H2ZN, and
135 23H) would be expected for the heterodimeric
form of the cell division-associated isozyme
TPI-A. However, only three bands were observed.
The most likely explanation for the discrepancy
is that the 1N23H and 13H2N isozymes have
the same electrophoretic mobility. The identifi-
cation of the 1323, IN230 + l3u2n,
234234, and 2N23H4 bands as TPI 3gr; variant
allozymes is supported by the relative electro-
phoretic mobilities and staining intensities. The
relative rates of migration between the normal
and putative variant allozymes of the cell division-
associated isozyme are equivalent to the relative
rates of migration between the normal (ININ)
and variant allozymes (In13yg and 13glsyg) of
the constitutive isozyme.

The isozyme patterns and the schematic diagrams
including the postulated subunit compositions
for normal and for the variants of erythrocyte
TPI with phenotypes 1-2xyri, 1-2NG1, and
1-4nG1, previously reported by Asakawa et al '
are shown respectively in Figure 4A, B, and C.
In these electrophoresis patterns, the homo-
dimeric form of cell division-associated isozyme
was not detectable because of the small quantity

of sample applied. Nevertheless, in the case of
““fast variant TPI-B” (Figure 4A and B), “‘fast
variant TPI-A” was observed in extracts of
cultured lymphocytes, while for the *‘slow variant
TPI-B” (Figure 4C), “slow variant TPI-A”
was observed. The distances between the normal
and the variant allozymes of TPI-A were
equivalent to those of TPI-B. Judging from these
results, the amino acid substitution in the variant
subunit of the cell division-associated -isozyme
seems to be the same as that in the vamant
subunit of the constitutive isozyme, implying
that both subunits probably originate from the
same structural gene.

Decker & Mohrenweiser®' Y IZ L 3| D — DD
WREIZfE-> T, constitutive TPI 7 12=+w p %"1”
E L, BAAAEEM cell division-associated TPI 7
Ty 2T A, TNTREDTIHYE, £0ER
EHEH 7229 PR3 yg1 ZERUYS T2y b %
F+. T3Bi3, I3IADHERAHLHEEL T2y
M ERLZLDTHS. "TURFERYUDY 7
2=y F(ly, 138, 2N 23y) 2EELICHSZED
+ 7-35 4, cell division-associated 74 V¥4 A D
ANTFOHEAETPI-A O/ Y FIZML T, 4F0
TAVHAL L37 F (128, In23 132Ny 1ang23p)
PHFENS. LALBEsNLAAY FRbT »3 %
Thol. ZOFEIE, Iy23x & 1lay2y EAFICESR
MM HELZ R T B ZSLmb IE(HBAEINS.
13230 IN230 T13u2Nn, 23023 AU 28239 TA
ENBA3NYFFTPI3yp ZEB 7044 AIZHK
TA5LDOTHBZ LT, HAHZ ERKE EOF IR
CRBEEILE o TXFEaN B,
associated 74 VH A LIZER S EER 7O 4 A
CHEER L EZONBZ3TOFALOMOBEED
fHxf ki, constitutive 74 VH A4 AR5 N3 IEH
B7 4 vH4 L (Igly) EZEZB T oW A4 L (1glsg,
laglay) OB OB R O 123 L v,

Cell division-

EHEBEEUCZRNNGY PLATICHREL R HE1-245 4,
1-2nG1r 1-4ng) BAT5HFMEKTPI ZEREDT A
JHAL LRS- BUZORHEES 7 2=y MR 2 & D
EEREE, 2hFnX4A, B, Clomd. #FHL A
KERA DL h-®, ZhsDBEBRATOD/ V5 — >
TlL, cell division-associated 74 V4 LD FE
BARMIMmB shadrok, Thilgprbs T
“"HWERBTPI-B” (M4 ARUB) DB AEIZIE,
“HOWERTTPI-A” #5530 w3 ko g2 238 o
5N, “BOWZERTPI-B” (H4C) O I121
“BWERBTPI-A" o sh/i. TPI-ADIEER
RM7yo¥f LALEER7O0H 4, L DRPRIX, TPI-B
DI/BEEELIoR. ZHEDOFERLPLHBTL T,
cell division-associated 74 vV H4{ L OEZET 7
2=y MIHEU 73/ EBEEIL constitutive 74
HFA LDERRIYy 7T 2=y MIELAZBDERUT
HBEIZBbIAY, ZOZLERADHTL=y b
AERSLAR—HEREFIIHRT I L2RRLT
R
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Figure 4. Electrophoresis patterns and corresponding schematic diagrams of TPI isozymes.
A. 1-4 are cell extracts from a normal; 5-8 are from the 1-2yr; variant. I and 8, erythrocytes;
2 and 7, lymphocytes; 3 and 6, cultured lymphocytes; 4 and 5, hair-root cells. “N" and “2H”
refer to the subunits of the normal and 2R allozymes, respectively. B and C. 1-3 are extracts
from a normal and 4-6 are from the 1-2Ng variant (B) as well as from the 1-4NG] variant (C).
1 and 6, erythrocytes; 2 and 5, lymphocytes; 3 and 4, cultured lymphocytes. “2N" and “4N"
refer to the subunits of 2nG] and 4NG] allozymes, respectively. [ constitutive 1sozymes,;
s cell division-associated isozymes; secondary deamidation products; {2223 1sozymes
expected for homodimeric forms of cell division-associated isozyme.

4. TPI 74 VHA4 L0BEREB/ (7 — > L 20RAK. A, 1~4RBIEXEOMAS ML #; 5~813
1-2yp ZRUGRHEAHSOMBIHE. 1 RV BHIMER; 2RTTY vSER: 3 RUN6 EEHEY Lok
4 RU'5 BEME, "N RU"2ZH 32 h T EHRT7O¥A L, 2y, 70K LD T2 = 9
¥R T. BRUC, 1~31REESE, 4~6131-2yZRAVHEHE (B) LTIZ1-4 g, Z % Hl
WEBE(C)psOMEHTHS. 1RU6, RMER; 2 HUS5, V) 38k, 3 RU4, HEEY v /32K
“OIN" RUAN" B2 F N2y B U dng TEHA 4047 2=y b EART. T constitutive
7O {4 B cell division-associated 74 V44 4 ; TXRMIBET 3 FIERER; tiifdcell
division-associated 7 4 VA4 LD FEFESHIZHIFEN LI T4 L4 4.

DISCUSSION £ B
In this study, we examined the isozyme patterns AR ClE, BAEM 4 EEkH o TP ZERE 4 4]
of four genetically determined electrophoretic =5 T %0 PHA-stimulated ') ¥/ SERdH M D 7 A

variants of TPI in extracts from PHA-stimulated

. . VAL Loy — BN, Ch5DERRNT, HEA
lymphocytes; these variants were previously f ) - ‘ L
detected during a screening of some 15,000 #915,000 A IZ2WTAHA YY) — = 7Digp TLIETIC

Japanese.!! We demonstrated that both the i Enh TV DTHA." Constitutive TPI 74
constitutive TPI isozyme and cell division- # A4 L & cell division-associated TPI 74 V44 4D
associated TPI isozyme varied concordantly in WHIZENT, ThATREAEET 288, R

the N of o iﬂﬂﬂﬂt- 1;“? same o5t zRBMEAERTSZLAERENL. Cell
cXpressioll O vatlallt PUSHOLYPE 11 Ce e division-associated 74 V¥4 LAIZHITAEETIF ]

associated isozyme was found also in extracts = ) e
of hair-root cells from the variant individuals. Bpznk ) ZREBIE, 2OEEURZEOERM]

These results are consistent with the one-locus DM IZE AN, Zh 6 DEERIT Decker &
hypothesis of Decker and Mohrenweiser.”1° Mohrenweiser ®' ' @ one-locus 3% & —F 3 5.
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Rubinson et al® observed three sets of isozyme
bands in fibroblast extracts which they designated
as isozymes I, II, and III (the major bands of
isozyme I and II being designated here as TPI-B
and TPI-A, respectively). They proposed a two-
locus model in which the slow moving isozyme
I would consist of identical subunits aw, the fast
moving isozyme III of BB subunits, and the
intermediate isozyme II would be an ¢f hybrid.
According to this hypothesis, in the case of a
heterozygous TPI-B variant having the normal

subunit (apn) and the variant subunit (v ),

two hybrid forms of anf and ayf would be
expected for the isozyme II (i.e., two TPI-A

bands) after a random association of & and f8
subunits. Since we found three bands in the
isozyme II region, instead of the two, in all
the examined variants, this hypothesis 1s
untenable.

According to the recent reports of Lu et all
each human TPI-B subunit contains two specific
labile asparagines (Asn 15 and Asn 71), which
appear to be identical to those found in rabbit
TPL.!” They suggested that all the acidic forms
of human TPI including the isozyme e and TPI-A
are the results of sequential deamidation of these
asparagine moieties during aging both in vivo
and in vitro. In contrast, we have shown that
the isozyme e of erythrocytes is different from
the TPI-A of PHA-stimulated lymphocytes with
respect to its electrophoretic mobility and
heat stability. Although the acidic 1sozymes
(b-e) are the result of deamidation during aging
of erythrocytes, it seems unlikely that TPI-A
is also a deamidation product of TPI-B, since
the appearance of TPI-A requires concurrent
RNA and protein synthesis.’

With data supporting the single structural locus
model for human TPI, it follows as a logical
consequence that either the constitutive TPI-1
subunit or the cell division-associated TPI-2
subunit is the result of a secondary modification
of the other. The modification event, different
from deamidation, seems to occur in nascent
TPI molecules, but its exact nature is not under-
stood and requires further study. The combi-
nation of a regularly scheduled major modifi-
cation of the primary gene product, a dimeric
enzyme, and numerous degradation products
makes the TPI system one of the most complex
isozyme yet studied.

10

Rubinson 5° &, ##EFMEMmHEIZ3IAD 74
A LRy FeE L, 7TAVvHFA441, 0, &
WaALE(ZZTRTAVYFALIL, UOXL RV F
TN TN TPI-B, TPI-A ME8). #5613, B
DEVWTA VAL L1 1EE—HT7T 2=y b aa, BFHO
AVvHL LMz ABH T2y, ZOHRHED

TAVYHALNE a4 7))y R 52 5E0WT
two-locus EF L2 EL /2. ZOMWHEIZ KNI,
IEEESTa=y b (ay) EERBST 2=y bay)
A TAANTOUESTPI-BERAOE &, a BT
BH Ty baERBICHAGHhEBE, T4 Y
A LINIZDWT I, ayB LaySD_2D /1
7y F(72bhbs2F&DTPI-AVF) AHFan S

TEelilhs. LAL, AL, BT ZITL3XTO
ZRAIZEHITATA VA LN FIZ, 28 TIEE L
3EDNYFEEDHDT, ZOMRKFIFIFEELHE V.

T

Lu s OB EFICLNIE, & b TPI-B 47
2= P2 DOHEDAEELR T AINT F &
(Asn 15 R FAsn 71) A 0, ZhixoHFTPI I
o2 DER—-ThHdEELDND.T s,
TAVHA e E TPI-A 280 FTPLO T XT D
in vitro W3 W DS 1*-;
aging |21£9 :.ﬂ%*’I&H’?:Flfﬁlﬂﬁfﬁ—-jﬁimﬁ}ﬂ_f 2
iClcENE R &L bl s, SRIERLTRLIE,
HMERD 74 V¥4 Le T, '?;,xuarﬂﬁﬁlﬁjﬁ* & FRATE
k@ &7, PHA-stimulated ') » /vERo TPI-A & |3
BAEZZEEARL . Acidic T4V H A4 L(b-e) 12
R MERD aging IZMEIR 7 I FILOEY THAELT
t,, TPI-A ® {81212 RNA &k & & A &K & [l
B LT 307T,% TPI-A & TPI-B O 7 3 F 1t
DEYTH B LIEE ZHEW.

acidie form X, in vivo,

E FTPIIZR T 2 B —miEf (B F i & Xff § 2 ptA
FohiZ ez, REMNERLLT,
TPI-1 47 2=+ b X I cell division-associated
TPI-2 #7212y FOWVThHr—HAHAMEFD second -
ary modification OfEFETH A3 L w53 Z L2 3.
%E%m

constitutive

i 7 3 FAk & 122 %4 3 modification |,
TPIrFIl#E 23 L3 ICBbh 3D, ZOIEHEL
IERIIBEBAE N THE LT, BIZMMEIVETH 3.

BEFO—REWICHRAIEL { FE & h /- BRI,
YAv—EBEXETHIZLE, RUSKOGEREY, Zh
CAMAGEbENSZLIZED, TPI &35,
LETIIHEFKZEaNATAVFA LD BLTED
BHELTA VL LD—2E B 5 T3S,
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