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In a Hungarian family with triosephosphate isomerase (TPI; p-glycer-
aldehyde-3-phosphate keto-isomerase, EC 5.3.1.1) deficiency, two
germ-line identical, but phenotypically differing compound hetero-
zygote brothers (one of them with neurological disorder) have been
identified with the same very low (<5%) TPl activity and 20- or 40-fold
higher erythrocyte dihydroxyacetone phosphate levels as compared
with normal controls. Our present studies with purified TPl and
hemolysates revealed the binding of TPI, and the binding of human
wild-type and mutant TPIs in hemolysate, to the red cell membrane,
and the interference of binding with other hemolysate proteins. The
binding of the mutant TPl is enhanced as compared with the wild-type
enzyme. The increased binding is influenced by both the altered
structure of the mutant and the changes in the red cell membrane.
Compared with binding of glyceraldehyde-3-phosphate dehydroge-
nase, the isomerase binding is much less sensitive to ionic strength or
blocking of the N-terminal tail of the band-3 transmembrane protein.
The binding of TPIs to the membrane decreases the isomerase activity,
resulting in extremely high dihydroxyacetone phosphate levels in
deficient cells. In cell-free brain extract, tubulin copolymerizes with
TPI and with other cytosolic proteins forming highly decorated mi-
crotubules as shown by immunoblot analysis with anti-TPI antibody
and by electron microscopic images. The efficacy order of TPI binding
to microtubules is propositus > brother without neurological disor-
der > normal control. This distinct microcompartmentation of mutant
proteins may be relevant in the development of the neurodegenera-
tive process in TPl deficiency and in other, more common neurological
diseases.

he last 10 years witnessed an explosion of knowledge on
different factors involved in the process of neurodegeneration.
Different mutations have been described in various proteins initi-
ating neurodegenerative diseases (342 and PrPsc in Alzheimer’s
disease, expansion of preexisting polyglutamine sequences in hun-
tingtin, ataxin, frataxin, and other mutant proteins in peroxisomal
diseases, and in synuclein in familial Parkinson’s disease) (1). The
ultimate stage of the neurodegenerative process, apoptosis of focal
groups of neurons, has also been studied in detail (reviewed in ref.
2). However, the cellular biochemical changes induced by the
initiating effect of the mutant proteins and the crucial mechanisms
leading to progressive apoptosis remain an enigma. In the past few
years, we have studied different cellular factors involved in the
process of neurodegeneration in a unique human model, in two
Hungarian compound heterozygote brothers having a triosephos-
phate isomerase (TPI; D-glyceraldehyde-3-phosphate keto-
isomerase, EC 5.3.1.1) deficiency caused by germ-line identical
mutant proteins but completely different clinical phenotype (3-5).
TPI deficiency is a rare autosomal recessive disease associated
with chronic nonspherocytic hemolytic anemia, progressive neuro-
logical disorders, and early death of the homozygotes and com-
pound heterozygotes. The TPI of both Hungarian brothers harbor
a 240 (TTC[Phe] — CTC[Leu]) missense mutation and a 145
(GAGIGlu] — TAG] stop codon]) mutation (6, 7). Both have the
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same level of hemolytic anemia, equally low (<3%) red cell TPI
activity, and an extremely high level of dihydroxyacetone phosphate
(DHAP), but only the propositus has a severe extrapyramidal
disorder; the other compound heterozygote brother is neurologi-
cally intact. To date, we have found manifest differences between
the two brothers in lymphocyte TPI activity (3), in red blood cell
membrane fluidity and membrane enzyme activities, in the molec-
ular species composition of phospholipid subclasses (4, 5), in the
extent of the decrease of ethanolamine plasmalogens in lympho-
cytes, and in the level of antioxidants (8). Lack of plasmalogens was
also found in other neurodegenerative diseases (reviewed in ref. 9).
Plasmalogens are known to be indispensable for adequate enzyme
functions, signal transduction, fusion of neurotransmitter mem-
branes, and prevention of oxidative stress [reviewed by de Kruijff
(10)]

In our earlier publications (11, 12), attention was drawn, in
addition to the differences in the cellular environment of the
mutant TPI, to the modulating effect of the binding of enzymes to
subcellular structural elements, e.g., on the compartmentation of
enzyme functions. The hypothesis was raised that the phenotypic
differences between the two compound heterozygote brothers
might originate from differences in the binding of TPI to subcellular
structural elements (12), to band 3 protein in erythrocytes, and to
tubulin in nerve cells (4, 5). In fact, in red blood cells, band 3 protein
is considered a major target of the binding of glycolytic enzymes
(13, 14).

The present study was aimed to investigate the in vitro binding of
wild-type and mutant TPI from hemolysates (i) to the red cell
membranes from the two brothers with germ-line identical TPI
deficiency and (if) to microtubules (MTs) purified from bovine
brain extract. Our results revealed significantly higher level of
binding of the mutant than the wild-type TPI to a yet unidentified
component of the red cell membrane and in even higher level to
MTs. The possible role of TPI binding to subcellular components
in the pathomechanism of TPI deficiency is being discussed.

Materials and Methods

Patients. The main clinical and biochemical characteristics of the
TPI-deficient Hungarian family were published earlier (3). In-
formed consents were obtained from all members of the family and
the control.

Materials. TPI, glycerol-3-phosphate dehydrogenase, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (all from rabbit mus-
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cle), glyceraldehyde-3-phosphate, NADH, taxol, 2-[N-morpho-
linoJethanesulfonic acid, ethylene glycol-bis(B-aminoethyl ether)
N,N,N',N'-tetraacetic acid, GTP, and monoclonal anti-band 3
protein antibody (Sigma B-9277, LOT 17H4856) were purchased
from Sigma. All other chemicals were reagent-grade commercial
preparations.

Protein Determination. Protein concentration was measured by
the Bradford method (15). Hemoglobin concentration was de-
termined spectrophotometrically with an absorption coefficient
(414 nm, 0.1%) of 8.77.

Gel Electrophoresis and Immunoblotting. Proteins of brain cell-free
extract were separated by SDS/PAGE according to Laemmli
(16) and electrotransferred to nitrocellulose membranes. The
filters were subjected to immunoblotting with antisera directed
against rabbit muscle TPI. Antibody binding was revealed by
using anti-rabbit IgG coupled to alkaline phosphatase (Sigma).

Cell-Free Extracts. Hemolysate. Packed human red blood cells (from
normal control and from the two TPI-deficient compound hetero-
zygote brothers) were prepared from washed isotonic red blood cell
preparations by centrifugation at 5,000 X g at 4°C for 20 min, then
the separated cells were lysed by diluting 3-fold into 10 mM
Tris'HCI buffer (pH 8.0), containing 0.1 mM ethylenediaminetet-
raacetic acid and 5 mM mercaptoethanol (buffer A), followed by
three cycles of freezing in liquid N, and thawing (12). These lysed
cells were used as hemolysate after centrifugation at 24,000 X g at
4°C for 25 min.

Brain extract. Cell-free cytosol fractions of bovine brain were
prepared as described by Liliom et al. (17).

Inside-Out Vesicles (I0V) Preparation. Preparation of hemoglobin-
free erythrocyte ghosts—i.e., IOVs—were carried out as described
by Sarkadi et al. (18). The average ratio of the IOV and ROV
(rightside-out vesicle) in the preparations was 65 + 5% determined
on the basis of acethylcholinesterase activity measurements (5). The
IOV preparations were practically free of bound TPI.

MT Preparation. MAP-free tubulin was purified from bovine brain
as described by Na and Timasheff (19). Tubulin was dialyzed in 50
mM 2-[N-morpholino]ethanesulfonic acid buffer (pH 6.8) at 4°C
for at least 3 h, then centrifuged at 4°C at 100,000 X g for 20 min.
The supernatant was polymerized into MTs adding 20 uM taxol to
10 mg/ml tubulin and by incubation at 37°C for 30 min.

Enzyme Activity Assays. The activities of TPI and GAPDH were
measured with glyceraldehyde-3-phosphate as substrate according
to Beutler (20).

Binding Assays. Binding to IOV. A total of 50-200 pg of IOV were
washed twice by suspension in buffer A and centrifugation was
performed at 24,000 X g at 4°C for 25 min, then resuspended with
300-700 wl of the corresponding diluted hemolysates or with
diluted commercial rabbit muscle TPI. The dilutions were carried
out with buffer A or with buffer A containing 100 mM KCI. The
suspensions were incubated for 30 min at 25°C, then the samples
were centrifuged again as above. The pellets were resuspended in
150 pl buffer A with and without 100 mM KCl, and aliquots were
taken for TPI and GAPDH activity assays (at least four determi-
nations). The enzyme activities of the supernatants were also
measured. The standard error of the determinations was * 15-20%
(n = 3-4).

Binding to MT. Taxol-stabilized MT at a final concentration of
about 2 mg/ml was incubated with TPI or with hemolysates of
normal and deficient red cells in 100 mM 2-[N-morpholino]eth-
anesulfonic acid (pH 7.0) containing 5 mM MgCl, (buffer B) at
37°C for 15 min. The samples were centrifuged (50,000 X g, 30 min,
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Fig. 1. Binding of normal TPI to IOV. Binding experiments were carried out as
described in Materials and Methods. IOV purified from a healthy donor’s blood
(129 ng) was washed twice and then suspended with the same person’s hemo-
lysate (O) or with purified, commercial rabbit muscle TPI (®) solved in buffer A, at
25°C for 30 min. Then, the samples were centrifuged, pellets were resuspended
in buffer A, and aliquots were assayed for TPI activity.

37°C), and the pellet fractions were resuspended in buffer A
containing 100 mM KCI. Then, the fractions were analyzed by
SDS/PAGE and activity measurements. The standard error of the
determinations was * 15% (n = 3-6).

Kinetic Experiments in the Presence of 10Vs. The mixtures of 50 ul
of hemolysate and washed IOV were incubated for 30 min at
25°C, in the presence or absence of antibody raised against the
N-terminal tail of band 3 protein and assayed for TPI activity.
Reference samples without IOV were handled similarly. The
standard error of the determinations was + 20% (n = 3).

Preparation of Anti-TPI Antibody. Rat anti-TPI antibody was pre-
pared by immunizing three rats with commercial rabbit muscle
enzyme; 25 ug protein was dissolved in 250 ul sterile PBS, and the
solution was homogenized and emulsified with 250 ul Freund’s
complete adjuvant. Two s.c. injections, 250 ul each, were given in
the back of the animals. After 1, 2, and 3 wk, the same injections
were repeated, but with incomplete adjuvant. The animals were
bled on the 4th week. The serum raised against TPI was purified for
IgG as described earlier (21).

Transmission Electron Microscopy. MT samples containing brain
extract were pelleted, and the pellets were prefixed and stained as
described in ref. 17. The specimens were examined and photo-
graphed in a JEOL CX 100 electron microscope operated on
accelerating voltage of 80 kV. Magnification was calibrated with a
diffraction grating replica (2160 line/mm; Balzers).

Results

Binding of TPl to Plasma Membrane. In vitro binding experiments
were carried out with IOV and hemolysate prepared of erythro-
cytes from normal human controls. For comparison, purified rabbit
TPI was also used because it was shown to have a 98.8% homology
with the human isoform (22) because of the highly conserved
structure of this housekeeping glycolytic enzyme (23).

Fig. 1 shows representative titration curves; purified TPI as well
as normal hemolysate were added in varying concentrations to 100
g IOVs. The samples were centrifuged to separate the IOV-bound
proteins in the pellets from the unbound ones in the supernatant.
TPI activity in the pellets was assayed after resuspension and
extensive dilution. Under this condition, the activity of TPI is
proportional with the enzyme amount because the sum of the two
phases equals the total TPI activity added to IOV (data not shown).
The data presented in Fig. 1 show that both the commercial TPI
purified from rabbit muscle and the human red cell TPI from
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Table 1. Binding of TPI to IOV

TPI bound

Hemolysate, TPl added, milliunits/mg ng/mg

Sample gHb/liter  milliunits Percent [e)Y] [0}V
Propositus 62.7 189 3.27 30.93 306.3
441 2.54 55.85 558.5
Brother 60.4 346 4.24 72.94 486.0

806 4.26 172.6 1016
Control 62.8 17,400 0.66 576.6 57.7
40,600 0.50 1,015.2 101.5

Binding experiments were carried out as described in Materials and Methods.
A total of 200 g of IOV from the normal and deficient cells were incubated with
300 or 700 ul of hemolysates from the same sources at 25°C for 30 min. The total
protein contents of the hemolysates were similar. The estimation of the amount
of the bound enzyme was based on the measured activities by using specific
activities of 300 units/mg, 450 units/mg, and 9,800 units/mg for propositus,
brother, and normal control TPIs, respectively. “Percent”” represents the bound
fraction of added TPI. The standard error of the determinations was * 15% (n =
4). Data are from a typical set of experiments.

hemolysate do bind to the red cell membrane; however, the extent
of the binding is more intensive in the case of the purified enzyme,
indicating that the binding of TPI interferes with that of other
proteins.

Differences Between the Binding of TPI (in Hemolysates) from the
TPI-Deficient Brothers and from Normal Controls to Their Own and to
Each Other’s 10Vs. The bindings of mutant TPIs of the hemolysates
from the two brothers and that of the wild-type TPI of the
hemolysates from normal controls to their own IOV and their
crossbindings to each other’s IOV have been compared. The added
hemolysates had the same protein content and hemoglobin con-
centrations but differed in TPI activities between the TPI-deficient
and control samples.

The partitions of the TPI in the pellet and supernatant fractions
are given in percentages, which show the ratio of the bound and free
TPI based on TPI activity measurements. In addition to these
relative values, the absolute amounts of bound TPIs per mg IOVs
were estimated on the basis of the following information: (i) the
activity ratio of normal and mutant TPIs in the hemolysates at
identical hemoglobin concentrations (cf. Table 1); and (i) the
specific activity of the wild-type human TPI (9800 units/mg; ref.
22). The bound TPI amounts presented according to this rationale
in Table 1 show that significantly higher percentages of mutant TPI
is bound to their own IOVs than wild-type TPI from normal
controls to their IOVs. In addition, the binding of the TPI from the
neurologically intact brother to IOV is higher than that of the
propositus.

Table 2 summarizes the results of the binding of normal and
mutant TPIs to IOVs in different combinations. Two different
concentrations of hemolysates were used for these studies at
identical IOV amounts, which were adjusted for protein content. It
can be seen in Table 2 that when the same hemolysate was added
to IOVs prepared from normal and TPI-deficient red cells, there
was a modest difference in the amount of bound TPI; whereas
adding normal and mutant cell hemolysates to the same IOV
caused the bound TPI amount to vary significantly. The same
qualitative result can be seen at lower (Table 2, Expt. A) and higher
(Table 2, Expt. B) hemolysate concentrations. Higher amounts of
bound TPI were obtained when the hemolysate and the IOV
originated from the same donor; among these, the greatest binding
was measured in the case of the neurologically symptom-free
brother. Therefore, one can conclude that the difference in the
association of TPI to the plasma membrane observed in the normal
and the two types of deficient red cells is due to the combined
effects of the mutation of the isomerase and the difference in the
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Table 2. Crossbinding between TPIs and I0Vs from different
sources

10Vs from
Hemolysate Control brother Propositus
Expt. A
Control 58 85 55
Brother 314 486 —
Propositus 212 — 307
Expt. B
Control 102 190 189
Brother 640 1,016 —
Propositus 296 — 559

Binding experiments were carried out as described in Table 1, except that
I0Vs were incubated with hemolysates of different sources. The numbers
show the amount of the bound TPl in ng/mg IOV. Expt. A, 300 ul of hemo-
lysate; Expt. B, 700 ul of hemolysate. The standard error of the determinations
was = 15% (n = 3).

integrity of IOV as well as to additional factor(s) that makes the two
deficient systems dissimilar.

Modulation of the Binding of TPI to 10Vs. We investigated the effect
of salt concentration on the binding of TPI to the red cell membrane
for two reasons. On one hand, to see whether the TPI binding takes
place at physiological ionic strength; on the other hand, to test
whether the N-terminal tail of band 3 is a potential receptor site for
TPI binding. Because the salt-sensitive association of GAPDH to
the plasma membrane of erythrocytes—especially to the band 3
protein—is well-documented (24, 25), in some sets of experiments
the binding of GAPDH to IOV was also measured for comparative
purposes.

Table 3 shows the results of pelleting experiments at low and high
salt concentrations with the mixture of IOV and hemolysates,
erythrocytes from normal control and from the propositus. Both
the TPI and GAPDH activities were assayed in the pellet and the
supernatant fractions, and the relative binding data are presented.
These data show that a significant part (about 70%) of the total
amount of GAPDH is bound to the membrane at low ionic
strength; whereas, at high ionic strength, almost all GAPDH was
released from the IOV. This result is in agreement with those of
earlier reports (24, 25). In contrast to GAPDH, TPI association
with the membrane appeared to be much less sensitive to ionic
strength, and no difference in salt-sensitivity could be detected
between the binding of normal and mutant TPI.

These results were further supported by the data of the next set
of experiments. The N-terminal tail of the band 3 transmembrane
protein was blocked by specific antibody raised against this protein,

Table 3. Modulation of bindings of TPl and GAPDH to 10Vs

Samples Normal hemolysate, %  Propositus hemolysate, %
TPI 100 100

+ 100 mM KCl 80 = 10 80 = 10

+ Antibody >80 >80
GAPDH 100 100

+ 100 mM KCl <5 <5

+ Antibody <5 <20

I0Vs were washed twice then resuspended with 700 pl of the corresponding
diluted hemolysates (hemoglobin contents: 6.8 g/liter and 3.0 g/liter for pro-
positus and control, respectively). The hemolysates were diluted with buffer A or
with buffer A containing 100 mM KCl. The suspensions were incubated for 30 min
at 25°C in the presence or absence of 15 ul of antibody raised against the
N-terminal sequence of band 3. Then, the samples were analyzed as described in
Materials and Methods. The standard error of the determinations was + 20%
(n=3).
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Fig.2. Effect of TPl binding to IOV on the isomerase activity in the absence and
presence of salt or anti-band 3 antibody. IOVs were washed twice and then
resuspended with 50 ul of the corresponding diluted hemolysates (hemoglobin
contents: 6.8 g/liter and 3.0 g/liter for propositus and control, respectively). The
hemolysates were diluted with buffer A or with buffer A containing 100 mM KCl.
The suspensions were incubated for 30 min at 25°C in the presence or absence of
10 ul antibody raised against the N-terminal sequence of band 3. Then, the whole
sample was used for TPl assay as described in Materials and Methods. The
standard error of the determinations was = 20% (n = 3). Samples: Normal: 1,
control (no 10V); 2, 50 ug I0V; 3, 50 ug IOV + 10 ul anti-band 3 antibody; 4, 100
g I0OV; Propositus: 1, control (no I0V); 2, 100 ug I0OV; 3, 100 ug IOV+ 100 mM KCl.

and the binding of TPI to this modified IOV preparation was
investigated in comparison with that of GAPDH (Table 3). While
the presence of the antibody significantly decreased the binding of
GAPDH to IOV, the effect of the specific antibody on the binding
of TPI to IOV was very small, if any. These data seem to exclude
the possibility that TPI binds to the N-terminal, cytosolic fragment
of the transmembrane band 3 protein.

Effect of 10V on the TPI Activity. Extensive evidence accumulated
that indicates that the binding of some glycolytic enzymes to
subcellular particles, including red cell membrane, decreases their
activities (e.g., phosphofructokinase, aldolase, GAPDH) (24-26),
and the glycolytic flux is also significantly affected (14). However,
no data for TPI association to IOV were available.

To clarify whether the binding of TPI affects its activity and
whether the very low TPI activity of the deficient cells are further
reduced by the binding of the enzyme, kinetic experiments were
carried out. Since the relative amount of the bound TPI to the free
form is low at the conditions used for the binding assay, we enforced
the IOV/TPI ratio in the activity assay to enforce the TPI binding
to IOV.

Fig. 2 illustrates the effect of IOV (TPI-IOV complex formation)
on the activities of normal and mutant TPIs. The addition of 50 ug
IOV prepared from both cell types significantly reduced the
isomerase activity; the extent of reduction was similar in both cases.
The increase of the concentration of IOV resulted in more inhibi-
tion. The binding causes unfavorable alteration in TPI activity, and
because the deficient cell hemolysate has very low activity, any
further decrease could significantly affect the energy production of
the red cells as well as the DHAP level. These effects could be even
more pronounced at physiological conditions where the protein
concentrations are higher that favor enzyme associations.

Fig. 2 also shows, in agreement with the binding measurements,
that the salt concentration does not significantly modify the IOV-
reduced TPI activity, and blocking by antibody the N-terminal tail
of band 3 protein also does not interfere with IOV binding.

MTs Are Also Target for TPI Binding. Neurological disorder is a crucial
symptom of severe TPI deficiency. TPI is an enzyme involved in the
energy production that is mediated exclusively by glycolysis in red
cells and to a very high degree in brain cells. Because TPI activity
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decreases as a result of binding to the red cell membrane, based on
some similarities between the association of glycolytic enzymes to
the red cell membrane and MTs (27), we analyzed the possibility
that MTs may function as potential receptors for TPI. For these
reasons, two sets of experiments were designed: (i) the copolymer-
ization of TPI with endogenous tubulin was investigated in bovine
brain cell-free extract, and (i) the binding of TPI to purified bovine
brain MT was determined by using hemolysates from normal and
TPI-deficient cells.

In the first set of experiments, endogenous tubulin was polymer-
ized in bovine brain cell-free extract, and the polymerization was
induced by addition of taxol at 37°C. The polymerization was
followed by turbidimetry as shown in Fig. 34. The formed MTs
were pelleted then visualized by electron microscopy (Fig. 3B),
which indicated that intact tubules were produced under our
experimental conditions and the tubules were highly decorated by
protein-size macromolecules, including MAPs. To identify whether
TPI is among these attached proteins, immunoblot assay was
carried out. Anti-TPI antibody raised against rabbit muscle enzyme
was applied to identify TPI in the MT fractions. As shown in Fig.
3A Inset, TPI does exist in the pellet, indicating that the isomerase
is able to associate to MT from brain extract. According to the
densitomeric analysis, this fraction is about 4% compared with the
total TPI present in the brain extract. However, under in vivo
conditions where the total protein and especially the MT concen-
tration is higher, more extensive TPI association might occur. The
major objective for these investigations was to look for a difference
in the binding of normal and mutant TPI to MTs, as well as for an
eventual difference between the binding of TPI from the two
affected brothers. These hypotheses were checked by using isolated
MAP-free MT plus TPI in the hemolysates.

The binding experiments with MAP-free MT preparations were
carried out as described with the binding to IOVs. MTs were
pelleted, separating the MT-bound and free TPI. The TPI was
assayed in both fractions by activity measurements after extensive
dilution as described earlier. Fig. 4 shows the partition of TPI of the
hemolysates from the normal controls and from the TPI-deficient
brothers in the presence of 2 mg/ml MT. As shown in the figure,
the amount of the bound TPI to MTs from the control hemolysate
is relatively low, as compared with that from the TPI-deficient
brothers. These data are qualitatively similar to that obtained with
IOVs (cf. Table 2). The quantitative comparison of these data is
difficult because the concentration of the receptor sites, at least in
the case of IOVs, is unknown. However, the binding of the mutant
TPI from the hemolysates of the two affected brothers to either
normal IOV or to brain MT can be compared. One can expect
identical binding of the TPIs carrying the same mutations to any of
these receptors. Interestingly, the comparison clearly indicates that
the extent of the binding is different, which strongly suggests the
presence of an as yet unidentified factor(s).

Discussion

The binding of glycolytic enzymes to subcellular structures has
been well documented (13, 28), and a regulatory role in the red
cell metabolism has been attributed to their reversible binding
(14). No data were available for either an eventual binding of
TPI to the cell membrane and about an ensuing effect of this
binding. We have raised earlier the hypothesis (4) that the
binding of mutant TPI to band 3 protein in erythrocytes and to
tubulin in nerve cells might be involved in the process of
neurodegeneration in TPI defects.

A well-characterized receptor site on the normal red blood cell
membrane is the band 3 transmembrane protein. The binding of
various glycolytic enzymes, e.g., phosphofructokinase, aldolase,
GAPDH, to the cytoplasmic negatively charged N-terminal tail of
this anion transporter protein has been reported (24-26). In the
present study, we first titrated the binding of wild-type human TPI
in hemolysates from normal human donors vs. the binding of
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MT assembly in bovine brain extract (A) and decoration of MTs by endogenous proteins (B). The cell-free extract concentration was 20 mg/ml with roughly

15% tubulin content. The polymerization was initiated at 37°C by addition of 20 M taxol in buffer B. Inset shows the immunoblot data using anti-TPI antibody raised
against rabbit muscle TPI. T, S, and P are samples from total, supernatant, and pellet phases, respectively; 1, 2, 3, and 4 are controls using 600, 300, 150, and 75 ng of
isolated TPI, respectively. Electron microscopic image was prepared as described in Materials and Methods.

commercial rabbit muscle TPI (Fig. 1.). The results showed that the
human TPI binds definitely to the membrane of IOVs, although to
a much lesser degree than the purified rabbit TPI. Because the
sequence of TPI is highly conservative (22), a plausible explanation
for the distinct binding curves is that other proteins that are present
in the hemolysate interfere with the binding of TPI. The mutant
TPI from the two compound heterozygote brothers were shown to
bind to their own IOV in a significantly higher amount than the
wild-type from normal donors to their own IOV. The binding of
both wild-type and mutant TPIs to IOVs was only slightly sensitive
to changes in salt concentration, in contrast to GAPDH, which was
almost entirely released from the membrane at high ionic strength.

—_
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—_
o

TPI bound to MT/IOV (%)
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|

Brother Propositus

[

Control

Fig. 4. Comparison of normal and mutant TPIs from normal and deficient
hemolysates to normal IOV (filled columns) and MT (open columns). A total of 150
wul hemolysates were added to 100 g normal IOV or to 2 mg/ml MT in buffer A
or buffer B, respectively. After incubation for 30 min at 25°C, the samples with the
bound proteins were pelleted and assayed for TPI activity. For other details see
Materials and Methods.
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No difference was found between the salt-sensitivity of wild-type
and mutant TPIs. These results indicate distinct binding sites on the
plasma membrane for the two glycolytic enzymes and disfavor the
hypothesis of the binding of TPI to the negatively charged N-
terminal tail of the band 3 protein. These findings are easily
explained on the basis of the large difference in the isoelectric
points (29) of GAPDH (pI = 8.5) and TPI (pI = 6.5).

This hypothesis was validated in the next set of experiments,
which revealed that the blocking of the N-terminal tail of band 3 by
specific antibody decreased the binding of TPI only modestly in
contrast to the drastic decrease of GAPDH binding.

The most striking metabolic abnormality in TPI-deficient eryth-
rocytes is the 20- to 60-fold increase in the concentration of DHAP,
the substrate for TPI, suggestive of an almost complete metabolic
block at this step (30). In a previous work, we emphasized that there
is a discrepancy between DHAP levels and TPI activities deter-
mined in cell-free hemolysates of deficient cells (12).

In the present work, we demonstrated that TPI activity is
decreased by increasing the amount of IOVs in the reaction mixture
of red cell membrane and TPI, which revealed that aside from the
structural consequences, the association of TPI to the plasma
membrane caused functional alteration as well. The relative de-
crease in activity was found to be even more pronounced when
mutant TPI was bound to the cell membrane from the TPI-
deficient brothers. This effect may lead to extreme reduction of
enzyme function in TPI deficiency and may explain the very high
DHAP levels in homozygote and compound heterozygote carriers
of TPI defects. In the earlier TPI deficiency literature, neurotoxic
effect had been attributed to the high level of DHAP (31). The toxic
effect could, however, never been substantiated.

DHAP is the crucial precursor of ethanolamine plasmalogens. In
spite of this fact, plasmalogen level was found to be decreased in the
lymphocytes from TPI-deficient individuals (5), just like in all
investigated neurodegenerative processes (9, 32). Decreased plas-
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malogen levels can, however, originate not only from defects in
synthesis but also from increased degradation by plasmalogen
sensitive phospholipase A2 that was already reported in some
neurodegenerative diseases (33).

Although erythrocytes, just like all other cells, contain TPI and
its substrates, DHAP and glyceraldehyde-3-phosphate, and thus
can serve well for the diagnostics of TPI deficiency, they are not
ideal for the research of the pathomechanism of the neurodegen-
erative disorder of the defect. The most important differences
giving some clue to the development of neurodegeneration were
found in lymphocytes (3-5), which share a number of characteristics
with brain cells (34, 35). In addition, it turned out recently that the
earliest stem cells of the hemopoietic and neural lines are identical
(36, 37). The most convincing data would be obtained, however,
investigating the structural and functional changes of TPI defects in
brain cells. Since brain biopsy for research purposes would be
unethical, we have chosen to investigate the binding of the wild-type
and mutant TPI to tubulin purified from calf brain cells. The
binding of some glycolytic enzymes to MT is well documented (27,
28). Here, we presented data on the association of TPI from
different species to purified brain MTs. In fact, in brain extracts,
TPI copolymerizes with tubulin forming intact tubules (cf. Fig. 3).
It has to be noted that bovine tubulin used in our experiments does
not significantly differ from the human (the homology with mam-
malian tubulins is at least 90-95%) (38). Therefore, TPI binding to
MTs, which are a major component of neuronal cells, can be
significant also in the human brain. In addition, the high protein
concentration occurring in vivo could enormously force the enzyme
binding.

The comparative data of our experiments (Fig. 4 A and B)
showed that significantly higher amounts of TPI were bound to
MTs from the hemolysate from the neurologically intact compound
heterozygote brother than from the normal control (Fig. 4) and
even higher levels of bound TPI could be detected with the
hemolysate from the propositus. Since mutant TPIs from the two
brothers are identical (6, 7), it may be surmised that either (i) an as
a yet unidentified factor occurring/missing in one of the hemoly-
sates, or (i) differences in cellular membrane structure and function
could be responsible for the distinct associative properties of TPI
binding.
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There are no data available on brain pathology of patients with
severe TPI deficiency. Since the associative properties of mutant
TPI are different from the wild-type enzyme, it is interesting to
speculate that there might be analogy at the molecular level in the
development of the neurodegenerative process in TPI deficiency
and other neurodegenerative diseases. Recent research has docu-
mented abnormal protein deposition in chronic neurodegenerative
diseases. The mutant proteins, just like the wild types are normally
soluble. Their conversion to fibrillar or aggregated forms involves
a change in the three-dimensional structure of these proteins.
Lansbury (39) proposed a seeded polymerization for the develop-
ment of the abnormal protein aggregation and deposition. Based on
findings of protein deposits in peroxisomal diseases, Alzheimer’s
and Parkinson’s diseases, it can be surmised that cerebral aggre-
gates of mutant TPI might also occur in brain tissue, causing the
neurological disorder of this defect. The mutant proteins like
huntingtin, ataxin, and amyloid precursor protein are expressed just
as TPI throughout the body. Disease pathology inducing aggre-
gates, however, seems to be restricted to specific areas of the brain.
Mutant misfolded proteins readily form aggregates by binding to
integral proteins of subcellular membranes. The superstructure of
the mutant TPI is difficult to predict because, in addition to the
mutation with functional interference at the 240 (6) position, a TPI
fragment due to the stop codon mutation at position 145 (7) is also
present in the complex cytosolic compartment. The increased
binding of the probably very unstable, sticky TPI chunk could
produce small aggregates similar to those in other chronic neuro-
degenerative diseases. These ultramicro foci may be silent for a long
time since the slowly progressive cell death can be compensated for
many years. Intercurrent stimuli like viral diseases, immunological
and inflammatory processes may induce the aggregation of the
wild-type proteins around the initial seed.
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