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SUMMARY

Two new electrophoretic variants of human
triosephosphate isomerase (TPI) have been
partially purified and characterized. The TPI
Manchester variant, a cathodally migrating
electrophoretic allozyme identified in an indi-
vidual with a phenotype TPI 1-Manchester is
associated with a normal level of enzyme activity
in erythrocytes and normal kinetic properties.
It is very thermolabile at 55°Cand 57°C, although
it is not uniquely sensitive to either guanidine-
HCI or urea denaturation.

The TPl1 Hiroshima 2 variant is an anodally
migrating allozyme (phenotype of proband is
TPI 1-Hiroshima-2)} with normal activity and
kinetic properties and also normal stability
characteristics. It is inactivated less by antisera
raised against normal human TP] than either the
normal or the Manchester allozyme.

Dissociation-reassociation experiments utilizing
these allozymes have confirmed that normal
human red blood cell TPI isozymes are produced
by a sequence of reactions (presumably de-
amidations) involving alternating subunits.

INTRODUCTION

Human triosephosphate isomerase (TPI: EC
5.3.1.1), a dimeric enzyme (MW=53,000) of
identical subuniis,’ catalyzes the interconversion

Approved #:2 7 April 1982

E B

BakEE THA 5 h 7 iriosephosphate isomerase
(TPDOH LW 20ER VLI REL, 20
TRMEA AL 2o, FBE TPI 1-Manchester 2 H$ 3
ITEACEZ s BERAmCENT 2 HEAKND L
@ allozyme T & % TPI Manchester % 3% &3 FRILER
PEEEHBEIESTHY, 44T 4y 2 A2 0
THEEThH-=. ZOERENL guanidine-HCl ¥
FREFHCIHLTHRIALETUE LY, BCRY
STCTOMRENTCHIERIIREETH 1.

TPl Hiroshima 2TE&FBHE IR HmIT 3
allozyme T ( ¥¥# 0 &M ENL TPI1-Hiroshima-2 ),
BERUAL 4271y 7 ARERTHY, —HOKE
HLERTH-2. COERBO EHEHE + TP
Ml & 2EGEEATIE, E¥ KU Manchester
allozyme OWTFRIZHNT & FEIERIEF P Ldh 7.

ZN50allozyme * FIH L MR -HESAERC
FoT, EEA2YE bHRMERTPI 74 v ¥4 &1L,
F72o oy MEROELES) Mo RiE (B {1,
B7zsr)ickndbrsshaz eFERENL.

# =B .
Bl—#72zy b 2hrbMMEhsydv—

FEE (MW =53,000)! © & % & | triosephosphate

Printed F1§l December 1983



RERF TR 2-82

of glyceraldehyde-3-phosphate and dikydroxy-
acetone phosphate and is thus involved in both
glycolysis and gluconeogenesis as well as glyceride
synthesis. This enzyme is found ir a wide variety
of tissues in many different species®™ and has
been purified and characterized from many
sources.’™® The primary sequence of TPI has
been extensively conserved through evolutionary
time; the rate of acceptable amino acid substi-
tutions is estimated at 2.8 mutations per 100
residues per 100 million years.9 Sequence studies
of human, rabbit, and chicken TPI indicate a
sequence homology of greater than 95%"'* with
almost complete homology in the region of the
acitve site.!! The kinetic properties of the
enzyme isolated from different species are guite
similar.’ The very high activity of this enzyme
suggests that it should not represent a meta-
bolically rate-limiting step. It is, therefore,
surprising that severe metabolic consequences
involving hemolytic anemia, growth retardation,
neurological disorders, and early death are
observed when the enzyme activity Is reduced to
5%-20% of normal.'?

Some 15 cases of TPl deficiency have been
reported.’®®  Data obtained by Eber et al'®*”
and Mohrenweiser'® indicate that null alleles
associated with a significant reduction of TPI
activity occur in one of every 100-200 newborns.
It is, as yet, unclear whether a limited number of
null alleles exist at relatively high frequencies or
whether a large number of different alleles are
segregating in this population. The latter situ-
ation would suggest that many amino acid
substitutions adversely affect enzyme function.

In contrast to null variants, electrophoretic
variants of TPI are relatively rare. Peters et al'’
"described the characteristics of two variants of
TPI identified in three of 2,477 individuals
screened. Four variants were identified during
the screening of 10,245 Japanese,”® one variant
was detected in a population of 1,949 studied in
Ann Arbor, Michigan by Neel et al,?' and no
variants were detected during the study of 3,888
Amerindians. 2

The present paper describes the purification and
characterization (electrophoretic as well as
stability, immunological, and kinetic properties}
of two TPI variants, one identified in Ann Arbor,
Michigan by Neel et al,”! designated TPI
Manchester>> the proband having a phenotype
TPI 1- Manchester and the other identified in
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Japzul20 and designated TPl Hiroshima 2, the
phenotype of the proband being TPI 1-
Hiroshima 2.

Materials and Methods

Elecirophoresis.  Polyacrylamide gel electro-
phoresis was performed employing a miniaturized

vertical gel apparatus24 and the imidazole/HCl
(pH 7.4) gel buffer - imidazole/asparagine (pH 7.0)
electrophoresis buffer system of Maurer and

Allen.*® The isoelectric-focusing apparatus was

from LKB Instruments, Inc., Rockville, MD and

the focusing was carried out on thin-layer poly-
acrylamide gels. The pH was determined at 4°C.

The technigue of Decker and Mohrenweiser™

was used for detecting enzyme activity following
electrophoresis.

Enzyme Purification. TPI from erythrocytes of
an individual with a normal electrophoretic
pattern for TPI was purified as described by
Gracy®® and Yuan et al' except for the ommission
of the isoelectric-focusing step (Table 1). The
final specific activity was 9,070 units/mg protein,
consistent with specific activities previously
reported for purified human TPLY®??  Also,
only a single band was detected on SDS gel
electrophoresis, thus the enzyme was assumed to
be homogeneous and was used for antibody
production.
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TABLE 1 ISOLATION OF NORMAL TRIOSEPHOSPHATE ISOMERASE

FROM HUMAN ERYTHROCYTES

#1 b r#RIMERPOIE S triosephosphate isomerase o B

Total Total Specific

activity profein activity Recovery

(units) (mg) (units/mg) (%)
Hemolysate 125000 56800 2.1 100
Phosphocellulose filtration 118750 3392 35 95
Ammonium suifate (55%-90%) 97000 1276 : 76 117
DEAE-cellulose chromatography (1) 82450 242 340 66
DEAE-cellulose chromatography (2) 73100 16.2 4500 58
Ammonium sulfate (60%-90%) 54800 8.4 6500 44
Sephadex G-100 49000 54 9070 39

Individual bands of allozyme were purified
from erythrocytes of appropriate individuals
(Manchester variant, Hiroshima 2 variant, and
normal) by polyacrylamide gel electrophoresis
of the enzyme fraction obtained from the first
DEAE-cellulose fractionaticn. The specific

#5 1@ H DEAE-cellulose F#EITHShABRSE
20T HY 72 YNT I FILBREE £ T,
AT 5[ A (Manchester ZR I, Hiroshirma 2
TEREE CERD) ORI 514 0 allozyme O
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activity of the partially purified samples before
electrophoresis was 800-1,700 units/mg. The gel
utilized in the purification was 30cm X 8cm X
0.27cm. A reverse discontinnous concentration
gradient of 4% (1cm), 7% (8 cm), and 5% (21cm)
acrylamide was employed. The buffer system was
as described above and electrophoresis “was
cartied out for 26 hours at 350 V at 4°C. Follow-
ing electrophoresis, the positions of the isozyme
bands were identified as described above. The
gel section corresponding to the position of the
various individual bands of activity in each lane
was cut into small pieces and the enzyme was
extracted into a buffer composed of 50mM
triethanolamine (TEA), 1mM EDTA, 100mM
NaCl, and 0.01% 2-mercaptoethanol (pH 7.6).
The extracted enzyme was concentrated by
dialysis against polyethylene glycol. The concen-
trated isolated enzyme fractions, with an
estimated specific activity of 5,000 units/mg,
were stored in liquid N, in the presence of
1 mgfml of bovine serum albumin until used.

Antisera Production. Antisera against human
TP1 were produced by repeated injection of
0.1mg of purified normal human TPI in 0.5ml
saline and 0.5ml Freund’s incomplete adjuvant,
subcutaneously, into a rooster at 1, 2, and 4
weeks after the initial injection. Two days after
the fourth imjection, 0.05 mg TPI in saline was
injected intravenously and four days later blood
was collected, allowed to clot, and the serum was
removed. The rooster serum was heated at 60°C
for 60 minutes and the denatured protein was
removed by centrifugation at 48,000xg for
30 minutes. No TPI activity was detectable in
rooster serum after heating. The antisera appeared
to be monospecific, because only a single
precipitation band was observed on Quchterlony
double diffusion analysis with either purified or
unpurified TPI, including crude hemolysate as
the source of antigen.

Immunoinactivation. Experiments  were
conducted by incubating 3.75 units of purified
TPI in 90ul of extraction buffer containing
img/ml bovine serum albumin with 10ul of
antiserum. After 5-hour incubation at 36°C and
centrifugation at 48,000xg for 30 minutes, the
supernatants were assayed for residual activity.

pH Stability. The stability of the allozymes to
incubation at various pHs was examined by
incubating 2.5 units of TPI in 100l of buffer,
100mM TEA-HCl or TEA-NaOH, 1mM EDTA,

RNy FEHEBLL, BRAHETIHOHIMBL L
B RO IEMEL 800~1, 70084 / mg Th-o/=. HH
AWV E0mX 8 X 0.27en?d & DT H S,
4% (lem), 7% (8em) BT 5% (21lem) DWIEH
HREGQETsUNMT I FEACE. FATOREHR
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fForlt. BREBB, 74 ¥ A 08y FOMERIE
HBROFETHRE LA, EL—viTHiFai5EAYF
OB NBTIHSOXIVEHALLPYD, 50mM
triethanclamine (TEA), 1mM EDTA, 100mM
NaCl & 140.01%® 2 -mercaptoethanol 70 55 3 @1
W (pH 7.6) RICEEREMB LA, Al L AR
polyethylene glycol DB+ 3 2 LICk DB L 2.
SHE-IRE L B (EE AR 5, 0008 L / mg )
EHERAT3ET 1mg/ ml @ YAF albumin FETF,
WFESEFPICREL L.

HRMEFEE. 0.1mg DHMEEE Y + TP % 0.5m!
DEBMEEMKIZE,IL, ZOBEHL0LInOIFTE
FaA Y F7VanyrERESLAbOEHSST YIS
ETFEHL, BWoEH#E 1, 2, 4BHRICRAL
ETHHEEVELFIZEIZEY, e bTPIIZY
TARMMTEELEE L. 4EBOEH»S 28%I
TPL 0.05mg % &UEBREEARFFIRNELE L, 40
IEAIL, RO, MEESH#LE. COE=T 1Y
OMFE%60C TS MMAL, FHELATRARR
48,000Xg TI0HMMLLTBRELL, NMBE®
Mo PRI TPIERBRES R h ok,
Quchterlony ZEMEFEICHFWTIE L L THESE
TPL&FAVwARE, - MEMH2ELHEBLT
WL TPLE B ARESICHL —F0RaEl » 8%
shiwolds, COHRMFE TPILERNT
haeEiLLNB.

#omiE 2 & B IEFEHEAE. 34 TPI 3.754{¥ %
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L 0EEER Tk, 6T TN, ¥ Fa—2a ¥
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and 5% sucrose for six hours at 36°C. After
incubation the sample was diluted with 1ml
buffer (100mM TEA, 1mM EDTA, and 0.01%
2-mercaptoethanol, pH 7.6) arnd assayed for
activity.

Guanidine-HCl Denaturation. A 25u1 TPI
solution was mixed with an equal volume of 1.8
or 2.2 M guanidine-HC] in 50mM TEA buffer,
pH 7.6. After incubation at 30°C for 30 minutes
the solution was diluted with 0.5ml of dilution
buffer (4°C) and the remaining activity was
determined.

Other Methods. Thermostability studies were con-
ducted as described by Satoh and Mohrenweiser™>
except that when purified isozyme bands were
studied, the thermodenaturation incubation
buffer contained 1 mg/ml bovine serum atbumin,
Urea dissociation-reassociation experiments were
conducted following the methodology described
by Rubinson et al® Enzyme activity was mea-
sured as described by Fielek and Mohrenweiser.>
The Km values were determined by the un-
weighted nonlinear regression method of
Wilkinson using the computer program
described by Tiffany et al.’®  Substrate was
prepared as described by Gracy®® and the
concentration of D-glyceraldehyde-3-phosphate
was determined enzymatically as described by
Bergmeyer.33

31

Materials. Ion exchange resins were from
Whatman Inc., Clifton, NJ. Ammonium sulfate,
urea, and guanidine-HCl were the “Ultra Pure”
grade (Schwarz/Mann, Qrangeburg, NY)and were
used without further purification. Substrates,
inhibitors, and cofactors for the enzyme assays
were from Calbiochem-Behring Corp., La Jolla,
CA. Bovine serum albumin (Miles Laboratory,
Elkhart, IN) was free of detectable TPI activity.™
Rabbit muscle TPI was from Boehringer Mannheim
Biochemicals, Indianapolis, IN. All other
chemicals were of analyticel reagent grade.

RESULTS

Electrophoresis of TPI Variants

The polyacrylamide gel electrophoresis patterns
for the two variants of TPI as well as a normal
pattern are shown in Figure 1. The electro-
phoretic pattern of enzyme from an individual
with a phenotype TPI 1-Manchester is in well 2.
The TPI Manchester variant allozyme migrates
cathodally, relative to the position of the normal
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Polyacrylamide gel electrophoretic pattern of normal and variant TPL  The

hemolysates were fractionated on a phosphocellulose column before electrophoresis. The
phenotypes are 1) TPI I (normal), 2) TPI 1-Manchester, 3) TPI 1, 4) TPI 1-Hiroshima 2, and
5) TPI 1. The gels were stained for TPI activity as described in the text. The position of the
primary isozyme band in the normal phenotype is designated N/N.

Fl. FRXBARUCERMTIPIOAKY 727 YNT I FALTAGKME . TakBric gz

hAKENO—ZXHTLATHEL A, #HEWE 1 TPI1(IEW), 2 TPI1-Manchester,
5) TPI 1. AXicdi~iaFETy V& TPLGHRE L 2. EH 4 0 E

4) TPI 1- Hiroshima 2,

31 TPI 1,

NDTI34= ) —TA VL b6 FOREEZ N/N&L L.

allozyme band (wells 1, 3, and 5). The banding
pattern is consistent with that expected for a

dimeric enzyme with identical subunits. A
similar electrophoretic pattern is observed in
lymphocytes isolated from this individual®
except that the degradation bands, presumably
resulting from spontaneous deamidation,® are
not as apparent in the electrophoretogram with
enzyme from lymphocytes. The electrophoretic
mobility is consistent with a charge change of
approximately +2 units per subunit for the
Manchester variant. The level of TPI activity in
erythrocytes from this adult individual was
115,000 umoles product formed per g Hb per h
which is comparable to the value of 124,000
+18,000 umoles described by Mohrenweiser'®
as expected for an adult population. This
variant has been identified in a father and two
children.

E# % allozyme /3> F(RFHL1, 3/RUS) D&
LU TEAEFmICEIY 5. Wik MR E—
7Ly b A VA v—BEIZLTHEL S
Ry F g v 788 — v &R AR T [kiig s
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OEEOBRGMIETIE, B CEHABRT 3 LI
LB THAHERLNDS GREMD /Y FAMRTIE
vy, RGN L BFEIEE (X Manchester ZES D
WA T Iy PEADHF2EMOBR DI
MLt 4. ZORAMREEORMDEFED TP FEMER
13 g Hb/h %70 (PE4£LE) 115,0006mole TH - 7.
Zhizl AEFOMFME & LT Mohrenweiser® @
HIFTL15124,000£18,00012HTIEES. ZOER
Rl EeE 2 A\oFHRIZEEIE ATV S,
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Figure 2. Schematic diagram of TPI allozyme electrophoretic patterns. Lanes I and 5 are the
postulated patterns for the rare homozygous TPI Manchester and Hiroshima 2 individuals,
respectively. Only the primary allozymes are indicated for the two heterozygous probands.

2. TPI allozyme ® ERKMEBERE. L — ¥ 11d £ N % k€S TPI Manchester D T il 1%,
L — ¥ 5% Hiroshima 2 ® FHIETH 2. ZHD~T OFEADEHE OHE L primary allozyme

DHETL .

The pattern for the proband with a pheno-
type TPI 1-Hiroshima 2 is in lane 4. The TPI
Hiroshima 2 variant allozyme has an anodal
mobility, the presumptive homodimer having a
mobility similar but not identical to the second
deamidation band of the normal isozyme or the
¢ band of Peters et al,'® although this distinc-
tion cannot be made when starch is utilized as
the support, rather than polyacrylamide. It
would appear, though, that this variant is not
identical to the TPI 2 variant described by Peters
et al'® although direct comparisons were not
made. The mobility of this variant is consistent
with a net charge change of approximately —1
unit per subunit. The TPI activity in erythrocytes
from this adult individual was 138,000 umoles
per g Hb per h, again well within the normal
range of activity. The inheritance of this variant
has also been confirmed via family studies.

A simplified schematic diagram of the electro-
phoretic pattern is shown in Figure 2. The
patterns in lanes 1 and 5 are those postulated
for the rare TPI Manchester and TPI Hiroshima 2
homozygotes, respectively. M, N, and H refer

F:I A TPI 1- Hiroshima 2 O3 & o @ Ak Mk 1L
L—>41Z;R/ L7 . TPl Hiroshima 2 Z &5 allozyme
EEEAEABHL, FESAv—LHEEENS
Ny FRIEETAVHFALOHE 2T 3 MYy F,
T hbb Peters 5P D[c /Ny FER—TIZE0nA
HELEBHEESR T, 2250, 2Ry 7200
7TIFORLYIZESGE LI L THC LSS
ERlTEsw. LALAY S, EHEEBRIT--TuEY
Lo, ZOESRENT Peters 5 ¥ @R L TPL2
LTRAEE—TIEE2 LI THE. COERBOBH
el 72z oy P40 H -1 BAroBEaritZEft
ZHLT 3. Zol AN REOKRMLEO TP
fiild g Hb/h %7 9 138,000u mole T, ZTh & EH
EMREANTH -, ZOFRRIIO LT HRIEIL
EB3LDTHEZENFRMETHIZE L.

iz ERAIMB oML ARAFT 2R L L.
L—r 1EFL—> 5D/ - Y& 41 4 TPl
Manchester & UF TPI Hiroshima 2 @4 EiE &k %
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to the Manchester, Normal, and Hiroshima 2
subunits, respectively, while M' and M", N’ and
N" and H' and H" refer to the secondary isozyme
bands generated from M, N, or H, presumably via
sequential deamidation®® (M' being one and M"
being 2 deamidations per subunit) or possibly
some other posttranslational modification. H/N
and M/N indicate the heterodimer bands
composed of undeamidated normal and vairant
subunits. For simplicity, only the positions of
the primary allozymes have been indicated in
the schematic for the TPI 1-Manchester pheno-
type (lane 2) and the TPI 1-Hiroshima 2 pheno-
type (lane 4). The activity staining pattern
following analytical isoelectric-focusing is
consistent with the pattern observed following
polyacrylamide gel electrophoresis (Figure 3).
The isoelectric points (determined at 4°C) of
the normal human and rabbit isozymes were
5.9 and 7.4, respectively. The isoelectric points
of the Manchester and Hiroshima 2 variant
homodimers were 7.4 and 5.2, respectively.

Figure 3. [Isoelectric-focusing pattern of TPI variants.
The phenotypes are 1) TPI 1-Hiroshima 2, 3) TPI I-
Manchester, and 4) TPI 1. The sample in lane 2 is
rabbit muscle TPI. The gels were stained for TPI
activity as. described in the text. The position of the
primary allozymes are designated according to the
nomenclature in Figure 2.
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Figure 4. Polyacrylamide gel electrophoresis of isolated isozyme fractions from TPI-1 and

TPI I-Manchester.

The separated isozyme bands were reelectrophoresed after purification.

Utilizing the subunit designations from Figure 2, the samples are N"/N', N'/N', N'/N, N/N,
M'[N and M/N', M/N, M'/M, M/M, TPI I-Manchester, and TPI 1. The gels were stained for TPI

activity as described in the text.

4. TPI-1 KU TPI 1- Manchester 7 5 YL L /-
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Studies of Subunit Composition

As seen in Figure 4 the partially purified isolated
TPI allozyme fractions exhibited only a single
band of enzyme activity upon reelectrophoresis.
Similar purity was observed when fractions
containing the Hiroshima 2 variant were reelectro-
phoresed. The purity of various fractions was
further examined by dissociating the isolated
enzyme to subunits with 8.0M urea and then
electrophoresing the reassociated enzyme(s).
The normal homodimer allozyme fraction (N/N)
yielded only a single band following dissociation
and reassociation and thus was presumably
composed of a single isozyme with identical
subunits (Figure 5, well A6). The multiple
banded electrophoretic pattern (Figure 5, well
A3) of the reassociated Hiroshima 2 variant
suggests that the homodimer variant band (H/H)
is contaminated with some deamidated (or
otherwise modified) normal subunits. This is not
unexpected considering that the electrophoretic
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HMarsMshid iz, BorruL s N
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( ): Sample dissociated in 8 M urea and reassociated
K ZEEIM ORETHE-—F28L 200

Figure 5. Electrophoretic analysis of urea dissociated-reassociated TPI. The samples in A are
1) TPI I untreated, 2) TPI 1-Hiroshima 2 untreated, 3) Hiroshima 2 homodimer (H/H band)
dissociated and reassociated, 4) normal undeamidated (N/N band) + Hiroshima 2 (H/H band)
dissociated and reassociated, 5) normal deamidated (N/N' band) untreated, 6) normal
homodimer (N/N band) dissociated and reassociated, 7) TPI I-Hiroshima 2 untreated, and
8) TPI I untreated. The samples in B are 1) TPI 1 untreated, 2) TFI 1-Manchester untreated,
3) Manchester deamidated heterodimer (M{M’ band) mixed with normal undeamidated (N/N
band) before dissociation and reassociation, 4) Manchester undeamidated homodimer (M/M
band) mixed with normal twice deamidated (N’ /N’ band) before dissociation and reassociation,
5) Manchester undeamidated (M/M band) and normal undeamidated homodimers (N/N band)
mixed before dissociated and reassociated, and 6) Heterodimer of TPI Manchester and normal
(M/N band) dissociated and reassociated (the Manchester twice deamidated molecule would be
a contaminant).

H5. RECHE-BL2ALATPIOTAKMIIL55F. AOMRMKIE DRABTPIL, 2)R0HE
TPI 1-Hiroshima 2, 3) 2B -4 & L 7 Hiroshima 2 A& 4 v — (H/H/A Y F), A IEHHOK
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7) % WL F @ TPI 1-Hiroshima 2, 8)F LHETPI1. BOM fFid VRMMETPIL, 2) %K LHTPI 1-
Manchester, 3) E#EITPI(N/N /%> F) &7 3 F{t Manchester ~7 O ¥4 < — (M/M’ 732 F)
PABOLRE-BESALAE0, 4 2EKT I FIELALESRBTPI(N /N /Y F) EBRT IR
LT % Manchester FEF 4= — (M/M v F) L2 BELBE-B2ELA00, BIRT IV
fEL T % Manchester R ¥4 7 — (M/M ¥ F)EBE7IFML TRV ERRES, v —
(N/NAr F) -2 RELEE-BEE4LAL0, 6 BRE-H 28 &iT->7 TPl Manchester & IEH B!
rnaFOFL w—(M/N7$Y F) (Manchester B 2@ 7 I F{tLAZTHRALTVAET
HHI).
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mobility of the Hiroshima 2 variant is very similar
to the second deamidation product of the normal
enzyme. Additionally, the banding pattem
suggests the deamidated subunits are identical
rather than nonidentical.

It has been proposed that specific deamidation
steps occur, involving first a site on one TPI
subunit (e.g., Asn 15) and then a juxtaposed (e.g.,
"Asn 71) site of the other subunit before the
second deamidation occurs on the first subunit.*
This hypothesis was examined by mixing the
undeamidated Manchester variant (M/M) and the
normal allozyme band corresponding to a loss of
two amide groups per dimer (N'/N', or N"/N)
prior to urea dissociation-reassociation. The
3-banded electrophoretic pattern observed
following dissociation and reassociation (Figure 5,
well B4) is consistent with the hypothesis of
sequential steps of deamidation; that is, both
subunits of the dimeric molecule must have
identical charge (N'/N'), each presumably having
lost a single amide group. A subunit composition
of N/N" would yield a 5-banded pattern. A
second experiment involved mixing the singly
deamidated Manchester variant (1 deamidation/
dimer-M'/M) and undeamidated normal allozyme
(N/N). As three types of subunits are involved, a
6-banded pattern should be expected except that
M/M' and M/N have the same electrophoretic
mobility. This pattern is seen in Figure 5,
well B3 and confirms that the expected banding
pattern will be observed. A similar pattern is
observed in Figure 5, well B6, when the M/N
heterodimer, which comigrates with the M'/M’
homodimer is dissociated and reassociated;
again this pattern is consistent with reassociation
of three types of subunits. More important, the
position of the bands is consistent with the
existence of M’ subunits while there is no
indication of M'' subunits. Thus, the results of
these experiments are consistent with the
mechanism proposed by Gracy and Yuan® and
indicate the subunit composition of the allozymes
suggested in Figure 2 is correct.

Stability

Thermodenaturation studies were conducted at
55°C and 57°C. The Manchester variant is
significantly more thermolabile at both temper-
atures (Figure 6), retaining approximately 20
percentage points less activity after incubation
at 55°C for 20 or 30 minutes and at 57°C for
20 minutes than any of the other samples. The
t1, at 55°C and 57°C for the Manchester variant
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Figure 6. Percent remaining TPI activity after heating for various times at 55°C and 57°C.
Incubations and assays were as described in the text.

6.
BUMERAZICDBLAZLESN.

was 16 and 9 minutes while it was 26 and 15
minutes, respectively, for the normal samples.
The Manchester variant was also more labile
when the studies were conducted with the crude
hemolysate fraction or the enzyme preparation
following the phosphocellulose fractionation step.
In both later experiments, the unseparated
allozymes, normal plus variant, are being studied
together, thus, the differences are only 6-8
percentage points rather than 20 percentage
point differences observed with purified
allozymes. This smaller difference is as expected,
if the lability is a characteristic of the lability of
the variant subunits.

No differences among the allozymes in stability
to guanidine-HCI denaturation were evident. All
samples retained approximately 70% and 40%
activity after being incubated at 30°C for 30
minutes in the presence of 0.9M or 1.1M
guanidine-HCI.

The stability of the normal allozyme to incubation
for six hours at 36°C at various pH’s ranging

55T (#£) BRUSBTIC () TEAOREMMELL 2D TPL D ERAFHEM (%).
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Figure 7. Percent remaining TPI activity after incubation of the normal allozy me at various

pH'’s for six hours.
H7.

from 2.0-11.0 was studied (Figure 7). The
normal allozyme retained approximately 40% of
the initial activity at pH 4.5 and 11.0 and 90%-
100% of initial activity was retained when the
allozyme was incubated at a pH between 6.0 and
10.0. Both of the variant allozymes had the
same pH stability characteristics as the normal
allozymes.

Kinetic Studies

The normal isozyme has a K for D-glyceraldehyde-
3-phosphate of 0.415%£0.012 mM while the Km
values for the Manchester and Hiroshima 2
variants were 0.403 mM and 0.415 mM, respec-
tively, not significantly different from the
normal allozyme.

The effects of structurally dissimilar inhibitors of
TPI (o glycerophosphate, inorganic phosphate,
2-phosphoenolpyruvate and fructose-1,6-di-
phosphate) were studied, in each case with
D-glyceraldehyde-3-phosphate  (0.42 mM)  as
substrate (Table 2). The inhibitor concentrations
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TABLE 2 EFFECT OF VARIOUS INHIBITORS ON THE ACTIVITY
OF NORMAL TPI ISOLATED FROM HUMAN ERYTHROCYTES

F#z2 HirOHEAI bRMERD S BEEEL ZEHE TPI O
EEI RIETHE
Inhibitor % remaining activity

« glycerophosphate 1.12 mM 67+0.5
4.93 mM 26%0.4

Inorganic phosphate 1.73 mM 80£1.0
5.21 mM 57£1.2

2-phosphoenoclpyruvate 0.09 mM 83%0.6
0.45 mM 45%1.2

Fructose-1, 6-diphosphate 7 mM 72%1.5
35 mM 35104

Assays were conducted as described in the text except that the
D-glyceraldehyde-3-phosphate concentration was 0.42 mM. The
inhibitor concentration refers to the final concentration present in
the assay. 100% activity was the level of activity determined in the

absence of added inhibitor.

WMEdrAXprR8E LA THS.

727 L, D-glyceraldehyde-3-

phosphate #AE(£0.42mM T 5. AFEHMOBEIL RICHPOEFMBRIETSH 3.
HEMOFNEATEZL & 2OEEMEERFIN%ET 5.

were selected in order to inhibit approximately
30% and 70% of the activity of the normal
allozyme, respectively.?®  Neither variant was
more or less sensitive to inhibition than was the
normal allozyme fraction. Preincubation of the
enzyme with the inhibitor changed the extent
of inhibition but again no allozyme specificity
was observed.

Immunological Studies

Immunoinactivation studies to detect differences
in sequence and/or conformation were conducted
using antisera produced in roosters against
normal human TPI. As seen in Figure 8, the
Hiroshima 2 variant is less inhibited by equivalent
quantities of antisera than were the other two
allozymes. The Hiroshima 2 variant is associated
with normal levels of enzyme activity in the
original hemolysate, and has normal kinetic
parameters, and the specific activity at each of
the steps during purification was similar to both
the normal and Manchester enzymes; thus, it
is suggested that the difference in inactivation
between the Hiroshima 2 variant and the other
allozymes reflects differences in the avidity of
the antibody-enzyme complex, although the
possibility that the Hiroshima 2 variant has a
lower specific activity cannot be conclusively
excluded.
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DISCUSSION .

Extensive studies of the structure and Kkinetic
properties of TPI from a wide variety of sources
have been published. Insights into the important
structural constraints on the catalytic mechanism
have come from sequence comparisons of the
enzyme from different sources,”” while only
limited characterization of genetic variants has
been reported by Peters et al.'”

The two variants described here, TPI Manchester
and TPI Hiroshima 2, are unique electrophoretic
variants associated with normal levels of enzyme
activity in the hemolysates of the affected
individuals. Each variant has a2 Km for D-
glyceraldehyde-3-phosphate which is similar to
the Km obtained for electrophoretically normal
enzyme. Also the sensitivity to inhibition by
four different inhibitors was similar to that
observed for the normal enzyme. It seems
unlikely that either amino acid substitution
significantly alters the conformation of the
active site.
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Figure 8. Percent remaining TPI activity after incubation
of the partiglly purified allozyme with human TPI

antiserum. Incubation and assays were as described
in the text,
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The unique characteristic of the Manchester
variant, in addition to an -electrophoretic
mobility consistent with net charge change of +2
units per subunit, is the thermblability of the
enzyme. This conformational alteration asso-
ciated with increased thermolability is not
reflected in an increased sensitivity to guanidine
hydrochloride denaturation or inactivation by
incubation at either acid or basic pH. The
thermotlability does not appear to be associated
with in vivo lability in that the affected individ-
uals have normal levels of enzyme activity.

The unique antigenic character of the Hiroshima 2
variant indicates that this amino acid substifution
or deletion either may be on the surface of the
molecule or causes a conformational change in
the region of the antibody-binding site(s). As
with the Manchester variant, this structural
change does not affect the active site region of
the enzyme, at least to the extent that it alters
the kinetic properties of the molecule,

Labile asparagine residues have been identified at
positions 15 and 71 of the rabbit isozyme® and
crystallographic data suggest that residue 15 of
one subunit is located proximal to residue 71 or
the other subunit.* It has also been reported
by Gracy and Yuan® that loss of one amide
group increases the lability of the juxtaposed
amide group in the human isozyme. Dissociation-
reassociation experiments involving various
combinations of normal and variant subunits are
consistent with this sequential deamidation
hypothesis. The sequence of the enzyme from
the human has recently been determined and
found to be very similar to that observed in other
species.lo Accordingly, it should be possible to
relate the characteristics of genetic variants to
specific structural alterations. Identification of
the change in primary sequence of the variant
enzymes should provide additional data regarding
the apparently severe conformation constraints
on the catalytic and subunit interaction sites of
an enzyme, which could be associated with
jts slow rate of evolution. It is possible that
these constraints are also related to the existence
of null alleles in unexpected high frequency.
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