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SUMMARY

1) The activities of 16 enzymes of glycolysis and of glutathione metabolism
were determined in intact human red cell membranes (ghosts) which were prepared
by hypotonic hemolysis.

2) Enzymes and hemoglobin of the ghosts were resolved by two toluene extrac-
tions. Only the four enzymes hexokinase, fructose-bisphosphate aldolase, glyceralde-
hyde-phosphate dehydrogenase and pyruvate kinase could not be released completely
from the ghosts.

3) The residual membrane fraction, which was obtained after the toluene
extraction of ghosts prepared at 30 ImOsM, contained 0.02 %, of the original hemo-
globin content of the red cell. Between 6.5 and 23 % of the hemolysate activities of
glyceraldehyde-phosphate dehydrogenase, phosphoglycerate kinase, pyruvate kinase
and fructose-bisphosphate aldolase were detected in this fraction after mechanical
disruption.

4) Sonication of intact ghosts increased the activities of fructose-bisphosphate
aldolase, pyruvate kinase and phosphoglycerate kinase.

5) In “white” ghosts prepared at 5 imOsM phosphate buffer which contained
0.5 9{ of the original hemoglobin the activities of fructose-bisphosphate aldolase and
glyceraldehyde-phosphate dehydrogenase were detected at high levels. The activities
of pyruvate kinase and phosphoglycerate kinase were low in these preparations.

6) The results indicate that one part of all enzymes is loosely attached to the
inner surface of the membrane as is hemoglobin. A second part, the “cryptic enzyme
activity”, is available after resolving by toluene. A residual part of four enzymes is
firmly bound to the membrane. Two of them (fructose-bisphosphate aldolase and
glyceraldehyde-phosphate dehydrogenase) are oriented toward the inner surface of
the membrane, whereas pyruvate kinase and phosphoglycerate kinase are hidden in
the lipid core of the membrane.

INTRODUCTION

In recent years the attachment of both hemoglobin and glycolytic enzymes
to the erythrocyte membrane has been studied by several authors. Most of the enzymes
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are released from the membranes by hypotonic hemolysis to a similar degree as is
hemoglobin. They have been classified as enzymes “*loosely-bound™ to cell membrines
by Duchon and Collier [1]. In contrast, fructose-bisphosphate aldolase and glyceral-
dehyde-phosphate dehydrogenase have been described as “firmly-bound™ enzymes.
Some years ago. Mitchell at al. [2] arrived at similar conclusions by using different
buffer solutions for hypotonic hemolysis. In addition, binding of the enzyme phospho-
glycerate kinase to the cell membrane was of intermediate firmness [1]. Parker and
Hoffman [3] demonstrated that the activity of this enzyme could also be measured in
hemoglobin-free ghosts. They suggested that membrane phosphoglycerate kinase
might be a point at which the Na*-K *-transport system can influence the metabolic
rate of red cells.

The organization of the firmly membrane-bound enzymes was first studied by
Schrier et al. [4]. These authors provided evidence that membrane phosphoglycerate
kinase was oriented toward the lipid core of the membrane. whereas glyceraldehyde-
phosphate dehydrogenase was directed toward the interior of the erythrocyte. Re-
cently Kant and Steck [5] discussed a specific linkage of glyceraldehyde-phosphate
dehydrogenase to the inner surface of the membrane in vivo. Furthermore, Duchon
and Collier [1] suggested that the glycolytic enzymes were partly hidden in “crypts”
of the membrane.

In this paper. the organization of most enzymes of glycolysis and glutathione
metabolism has been studied in isolated membranes {ghosts) of human erythrocytes.
Using hypotonic hemolysis, toluene extraction and sonication of the ghosts, remark-
able differences of enzyme attachment and location within the membrane are demon-
strated. Evidence is provided that the firmly bound enzymes fructose-bisphosphate
aldolase, glyceraldehyde-phosphate dehydrogenase. pyruvate kinase and phospho-
glycerate kinase are partly enclosed in the lipid core of the membrane. Furthermore.
enzyme aclivities in ghosts prepared from “old "and “young™ erythrocytes have been
determined.

MATERIALS AND METHODS

Chemicals
The biochemical substrates, coenzymes and enzymes were products from Boeh-
ringer & Soehne, Mannheim, Germany. All other chemicals were of reagent grade.

Preparation of ghosts

Isolated red cell membranes (ghosts) were prepared by a modification of the
method of Dodge et al. [6]. Blood samples from healthy doners were anticoagulated
by the addition of 20 1.U. of preservative-free heparin per ml blood. Leukocytes
were carefully separated within 2 h of collection by filtration through a cotton wool
column according to the method of Busch and Pelz [7]. The final erythrocyte suspen-
sions contained less than 50 leukocytes per 106 erythrocytes. After separation, ery-
throcytes were washed three times in an isotonic 310 imosM phosphate buffer.
pH 7.4. With the same buffer solution, a 50 7, suspension of erythrocytes was pre-
pared. The cells were lysed by the addition of a hypotonic phosphate buffer (pH 7.4)
and were centrifuged for 40 min at 20 000 = g. The cells were washed only two more
times with the same buffer. The true osmolality of the buffer, ranging from 5-70
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imosM, was measured with a half-microosmometer (Knauer, Eppelheim, Germany).
As suggested by Jacob et al. [8] 1.0 mM EDTA and 10 mM NaHCO, were added to
all buffer solutions. The cell-buffer ratio used during the washing and lysing of the
cells, was 1 : 20 instead of 1 : 30 or 1 : 120 as described by Dodge et al. [6]. All proce-
dures were carried out at 04 °C.

The centrifuged ghosts were resuspended in the same buffer, and the number
of ghosts was measured in a Coulter Counter, model B using an aperture of 8§,
an amplification of 2 and a threshold of 17.5. The standard ghost suspension was
adjusted to contain about 5 - 10° ghosts - ml™!. The ghosts were viewed under phase
contrast microscopy. Ghosts were still intact at osmolalities of 70 to 30 imosM. At
20 imosM only a few small particles, representing destroyed ghosts, were found. At
10 imosM about 10 9] of the ghosts and at 5 imosM nearly all of the ghosts were
fragmented. The same batch of ghosts was divided into two parts, either for extraction
by toluene, or for determining enzyme activities.

Resolving of hemoglobin and non-hemoglobin protein

For resolving of enzymes and the residual hemoglobin of the ghosts, toluene,
first employed for solubilization of enzymes by Wallenfels et al. [9] and later on by
Ulitzur [10], was used. Two volumes of ghost suspension (about 5 - 10° ghosts - ml ™ ")
were gently swirled for 30 min at 4 °C with one volume of cold toluene to allow three
layers to be formed. The upper clear toluene layer was carefully removed and was
discarded. No enzyme activity or protein was detected in this phase. The buffer layer
underneath the emulsion of the residual membrane fraction was aspirated for measure-
ment of enzyme activities, hemoglobin and protein content. This phase was called
“buffer phase I"". The remaining membrane fraction was extracted again with toluene
under identical conditions. The buffer layer from this step was called *‘buffer phase 11",
Using techniques published previously [11], no free fatty acids, triglycerides, phospho-
lipids or cholesterol could be detected in the buffer phase I and II. After the second
extraction, the residual membrane fraction was completely white. One volume of this
fraction was resuspended in two volumes of deionised water and was disintegrated
three times for 10 s in an ultra-turrax (Janke & Kunkel, Staufen, Germany) with two
intervals of 30 s each. This suspension was also used for enzyme assays.

The activities of glycolytic enzymes were not appreciably influenced by the
presence of different concentrations of toluene in the hemolysates.

Sonication of ghost suspensions

The ghost suspensions were subjected at 0 °C to a sonic vibrator. A Branson
sonifier B-12 (Branson, Sonic Power Co., Danbury, Connecticut, U.S.A.) was used.
The period of sonication (40 W) was 6 % 10 s with cooling intervals of 20 s between
each sonication. The suspensions containing the destroyed ghosts, called “membrane
particles”, were used for enzyme assays.

Separation of young and old erythrocytes

Using the method of Oski et al. [12], young erythrocytes were separated from
old cells by centrifugation (30 000 g for 30 min). A volume of 10 % of the top and
bottom fractions was carefully aspirated from the tube for preparation of the ghosts.
Reticulocytes were counted and aspartate amino-transferase activity was measured
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in the top and bottom fractions for reference of the mean age of the cell population
[12,13].

Chemical assays
The hemoglobin content of the ghosts was measured by a method described
by Dacie and Lewis [14], which is used normally for measuring plasma hemoglobin.
Protein was determined by the method of Lowry et al. [15] using bovine serum
albumin as a standard.

Assay of enzyme activities of ghosts and their fractions

Enzyme activities were determined at 37 C. Enzyme units were defined as the
number of micromoles of pyridine nucleotide converted/min/10'" ghosts at 37 C.
All assays were carried out in duplicate or triplicate and appropriate blanks were used.
Aliquots of the intact and sonicated ghost suspensions, of buffer phase 1 and Il.
and of the residual membrane fraction were added for measuring enzyme activities.
The following enzyme activities were determined as reported previously [16. 17]:
hexokinase, phosphoglucomutase, glucose-phosphate isomerase, 6-phosphofructo-
kinase, fructose-bisphosphate aldolase, glyceraldehyde-phosphate dehydrogenase.
triosephosphate isomerase, bisphosphoglyceromutase, phosphoglycerate kinase,
phosphoglyceromutase, enolase, glucose-6-phosphate dehydrogenase, phospho-
gluconate dehydrogenase (decarboxylating), glutathione reductases and pyruvate
kinase. The latter was determined with 2.0 - 10~ ? phosphoenolpyruvate as a substrate.

RESULTS

Resolving of hemoglobin and enzymes by hypotonic hemolysis

The firmness of hemoglobin and enzyme attachment to the membranes of
erythrocytes was studied by hypotonic hemolysis. Using phosphate buffer solutions
with osmolalities between 5 and 70 imosM, we found a relation between the hemo-
globin content of the ghosts and the buffer concentration (Fig. 1). Both, the hemo-
globin and the non hemoglobin content of the ghosts declined with decreasing buffer
osmolalities. Using a 30 imosM buffer, we found about 1 %, of the total hemoglobin
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Fig. 1. Protein and hemoglobin content of intact ghosts prepared by hypotonic hemolysis using
phosphate buffers of different osmolalities. Non-hemoglobin protein was calculated as the difference
of total protein and hemoglobin. The values are the mean of 12 experiments.
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of the intact erythrocytes in the ghost suspension. Fig. 1 shows that hemoglobin as
well as non-hemoglobin protein was resolved more intensively from the ghosts at
lower osmolalities.

The enzyme activities measured in ghosts prepared by hypotonic hemolysis are
shown in Figs 2-6. With lower osmolalities of the buffer solutions the activities of
most of the enzymes decreased as did the hemoglobin content. At concentrations lo-
wer than 30 imosM phosphate buffer glucose-6-phosphate dehydrogenase, triosephos-
phate isomerase, phosphoglucomutase, bisphosphoglyceromutase, glutathione reduct-
ase 1, glutathione reductase 2, 6-phosphofructokinase, phosphoglycerate dehydro-
genase (decarboxylating), phosphoglyceromutase, glucosephosphate isomerase,
enolase and phosphoglycerate kinase were resolved more rapidly from the ghosts,
whereas in these preparations the activities of hexokinase, fructose-bisphosphate
aldolase and glyceraldehyde-phosphate dehydrogenase were measurable larger in
amount. As most enzyme activities the activity of pyruvate kinase decreased in pro-
portion to the hemoglobin content of the ghosts, however, at low osmolalities a rela-
tively high activity still remained firmly bound to the ghosts (Fig. 6).

Resolving of hemoglobin and enzymes by toluene
For resolving of hemoglobin and enzymes from the ghosts ghost suspensions
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Fig. 2. Activities of glucose-6-phosphate dehydrogenase (G-6-PD), triosephosphate isomerase (TPI),
phosphoglucomutase (PGluM) and bisphosphoglyceromutase (DPGM}in ghost suspensions (O — O),
prepared by hemolysis buffers of different osmolalities, and in buffer phase 1 (@ —@). The latter
was obtained by extraction of one part of the ghost suspensions by toluene. The values are the mean
of 24 experiments.

Fig. 3. Activities of hexokinase (HK), phosphoglyceromutase (PGM), glucosephosphate isomerase
(GPI) and enolase in ghost suspensions (O — ), prepared by hemolysis buffers of different osmolali-
ties, and in buffer phase I (@ — @). The latter was obtained by extraction of one part of the ghost
suspensions by toluene. The values are the mean of 24 experiments.
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Fig. 4. Activitics of glutathione reductuase measured with NADH (GR ). glutathione reductase
measured with NADPH (GR 2). 6-phosphofructokinase (PFK) and phosphoghiconate dehydroge-
nase (decarboxylating)(6-PGDH) in ghost suspensions {: - ). prepared by hemolysis buflers
of different osmolalitics and in buffer phuse | (@ - @). The lutter was obtained by extruction of one

part of the ghost suspensions by toluene. The values are the mean ol 24 experiments.

Fig. 5. Activitics of phosphoglycerate kinase (PGK) and fructose-bisphosphate aldolase (Aldolase)
in ghost suspensions (- ). prepared by hemolysis buflers of different osmolalitics and in buffer
phase | (@ - @). The latter wus obtained by extraction of one purt of the ghost suspensions by
toluene. The values are the meuan of 24 experiments.

100 GAPDH St PK
[
]
2z
© 60+ 3
e
2
201 1
-— -
10 30 50 70 10 30 50 7C

imosM  Phosphate butfer

Fig. 6. Activities of glyceraldehyde-phosphate dehydrogenase (GAPDH) and pyruvate kinase (PK)
in ghost suspensions ((O - (), prepared by hemolysis buffers of different osmolalitics and in bufter
phase 1 (@ - @). The latter was obtained by extraction of one part of the ghost suspensions by tolu-

ene, The values are the mean of 24 experiments.
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were extracted by toluene as described under Methods. Three layers were formed:
an upper toluene layer, an intermediate thin layer containing the residual membrane
fraction, and the bottom buffer phase containing the resolved hemoglobin and parts
of the enzymes. Fig. 7 shows the hemoglobin and non-hemoglobin protein content
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Fig. 7. Protein and hemoglobin content of buffer phase I, obtained by toluene extraction of ghost
suspensions. One half of the ghost suspensions used for the experiments shown in Fig. 1 were extract-
ed. The values are the mean of 12 experiments.

of buffer phase I, after extraction of the ghosts, which were prepared at different
osmolalities. As expected, enzyme activities were detectable in the buffer phase. In
parallel to the decrease of hemoglobin content (Fig. 7), the activities of all enzymes
declined with decreasing osmolalities (Figs 2-6), indicating a close relation between
the extraction of hemoglobin and of enzymes by toluene. On the other hand, enzymes
with high activities in ghosts prepared at osmolalities lower than 30 imosM (hexo-
kinase, fructose-bisphosphate aldolase, glyceraldehyde-phosphate dehydrogenase,
pyruvate kinase), were not released into the buffer phase, suggesting that these enzym-
es are attached more firmly to the cell membranes than hemoglobin and most of the
other enzymes. These four enzymes could not be resolved completely even by a second
extraction with toluene since activities remained in the residual membrane fraction
(Table I).

Table 11 shows that in contrast to hemoglobin non-hemoglobin protein was
not released completely even by two extractions with toluene. Only less than 0.02 %
of the original hemoglobin content of the intact erythrocytes was eventually attached
to the residual membrane fraction.

Determination of enzyme activities in the residual membrane fraction

Neither in buffer phase I nor in buffer phase II free fatty acids, triglycerides,
phospholipids or cholesterol were detected by thin-layer chromatography. Thus, it
is assumed that the remaining membrane fraction contained the major part (a minor
part, which was not determined, may be transferred into the toluene phase) of their
lipids after toluene extraction as well as the residual non-hemoglobin protein. This
fraction was desintegrated by an ultra-turrax. Enzyme activities bound to the residual
membrane fraction are shown in Table I. When compared with their activities in
hemolysates, only the activities of the four enzymes glyceraldehyde-phosphate
dehydrogenase, fructose-bisphosphate aldolase, pyruvate kinase and phospho-
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TABLE 1
ENZYME ACTIVITIES IN DIFFERENT MEMBRANE FRACTIONS

The membrune fractions were obtained by (wo successive toluene extractions of the ghosts prepared
by a 30 imosM phosphate buffer. Values are expressed as 1L.U./10" ghosts. Enzyme activities given
are the mean values | S.D. of 24 and 8 experiments respectively.

Bufter phase 1 Butter phase [1 Residual Yo Activily
membrane  of hemo-
fraction lysates*

(n 24) (¥l 24) (7 &)

Glyceraldehyde-phosphate

dehydrogenase 6.00 - 1.80 5.00 - 1.90 42.00 - 6.00 8.20
Fructose-bisphosphate aldolase 1.58 +0.32 0.12::0.03 510070 30.70
Pyruvate kinase 0.78 1 0.10 0.67 1 0.08 11.00 - 1.00 21.84
Phosphoglycerate kinase 2.53-40.35 0.104 0.02 48.00 - 5.60 13.20
Glucose-6-phosphate

dehydrogenasc 1.20--0.18 0.09 1 0.0} 0.30 - 0.05 5.9
6-Phosphofructokinase 5.8010.74 0.06 | 0.01 1.20 - 0.17 12,15
Bisphosphoglyceromutasc 0.38 1 0.08 0.05 0.40 + 0.08 6.14
Hexokinase 0.06-}: 0.01 0.05 - 0.05 257
Phosphogluconate dehydrogenase

(decarboxylating) 1.00-+0.16 0.13 1 0.03 0.05 4.3]
Phosphoglucomutase 0.33 4 0.05 - 0.05 - 0.05 242
Glucosephosphate isomeruase 1.3510.32 0.20-40.03 0.05  1.25
Enolase 0.72 1 0.11 0.06 - 0.01 0.60- 0.12 3.08
Glutathione reductase | 0.97- 0.11 0.42 1 0.06 0.3500.07 677
Glutathione reductase 2 097 Q.12 0.15 1 0.04 0.30: 0.05 1.09
Triosephosphate isomerase 144.00 —22.80 37.00 - 5.20 3500 -6.20 3.56
Phosphoglyceromutasc 5.10 1 0.73 1.10-10.20 6.00 1 1,30  6.47

* Total activity of both, the two buffer phases and the residual membrane fraction, represented
in % of the enzyme activitics measured in hemolysates. The activities in hemolysates of normal erythro-
cytes has been published elsewhere [16. 17]. The activities in hemolysates are expressed in L.U./10"!
erythrocytes.

TABLE 1l

SOLUBILISATION OF HEMOGLOBIN AND NON-HEMOGLOBIN PROTEIN BY TOLUENE
EXTRACTION OF THE GHOSTS

Ghosts were prepared by a 30 imosM phosphate buffer und hemoglobin and protein were measured
in the ghosts as described under Methods. Subsequently the ghosts were extracted by toluene and the
hemoglobin and protein content was measured in the buffer phases. All values are in mg/10'" ghosts
and are expressed as the mean +S.D.

Untreated ghosts Buffer phase | Buffer phase

(n - 24) (n 24) (n 12)
Protein 76.31 8.8 58.8 1 6.7 6.0 1-0.6
Hemoglobin 32.0--4.1 28.4- 3.8 21104

Non-hemoglobin protein 44.3 1 5.6 30.44 49 29104
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glycerate kinase are found in considerable amounts in the residual membrane fraction.
From this we conclude that these enzymes are firmly attached to the residual mem-
brane fraction of ghosts after hemolysis by 30 imosM phosphate buffer.

We cannot explain why the hexokinase activity, which was high in ghosts
prepared by low osmolality hemolysis, could not be detected in the residual mem-
brane fraction. The addition of 5- 10~ mercaptoethanol to the ghost suspensions
had no effect. Since enzymes firmly attached to the cell membrane are expected to be
detectable in hemoglobin-free ghosts, the activities of glyceraldehyde-phosphate
dehydrogenase, fructose-bisphosphate aldolase, pyruvate kinase and phospho-
glycerate kinase were determined in so-called “white ghosts”. These white ghosts
represent the ghosts prepared by 5 imosM phosphate buffer containing less than 0.5 9
of the original hemoglobin of intact cells.

Table III shows that about 17 9, of the glyceraldehyde-phosphate dehydro-
genase and fructose-bisphosphate aldolase activities of hemolysates are found in
white ghosts, but that only 2.9 % of the pyruvate kinase activity and a negligible

TABLE 1

COMPARISON OF THE ENZYME ACTIVITIES IN “WHITE” GHOSTS AND IN THE
RESIDUAL MEMBRANE FRACTION

“White” ghosts were prepared by a 5 imosM phosphate buffer. The data are mean values of 24
experiments, expressing enzyme activities in %, of hemolysate activity, as explained in Table I.

Activity in Activity in
“white™ ghosts the residual membrane
fractiont
Glyceraldehyde-phosphate-
dehydrogenase 17.03 6.50
Fructose-bisphosphate
aldolase 17.80 2297
Pyruvate kinase 2.93 19.30
Phosphoglycerate kinase 0.03 12.57

* Mean values of 8 experiments representing the percentage of activity of the respective enzymes
in hemolysates. The residual membrane fraction was obtained by toluene extraction of ghosts which
were prepared by a 30 imosM phosphate buffer and subsequently destroyed by an ultra-turrax.

activity of phosphoglycerate kinase were detectable in these preparations, although
activities of these enzymes were also high in the residual membrane fraction. It is
remarkable that the activity of phosphoglycerate kinase could only be detected in
completely desintegrated membranes and that only a small part of pyruvate kinase
activity was demonstrable in white ghosts. The fact that glyceraldehyde-phosphate
dehydrogenase activity was relatively low in the residual membrane fraction may
be explained by the lack of Mg”™ ions in the hemolysing mixtures [4].

Sonication of the ghosts

In order to determine the activities of the enzymes firmly bound to erythrocyte
membranes by two independent methods, ghosts were destroyed by sonication and
the enzyme activities were compared with the activities found in the residual mem-
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brane fraction. Table |V shows that the activities in membrane particles prepared
by sonication are lower than the activities in the residual membrane fraction. Pro-
longed and more intensive sonication did not increase enzyme activities.

TABLE IV

ENZYME ACTIVITIES IN GHOSTS. IN THE RESIDUAL MEMBRANE FRACTION AND
IN MEMBRANE PARTICLES PREPARED BY SONICATION OF GHOSTS

Ghosts prepared by a 30 imosM phosphate buffer were subjected to sonication as described under

methods. Values are expressed as 1LU./10'! ghosts. Enzyme activities are expressed us mean values
- S.D.

Ghosts Residual membrane Membrane

fraction* particles*
tn 24) (n 8} (1 5)
Fructose-bisphosphute
aldolase 0.88-+0.21 5104 0.70 253
Pyruvate kinasc 2.30 : 0.42 11.00 : 1.00 4.78
Phosphoglycerate kinase 1.40- 0.34 48.00 5 5.60 s.39

* The mean of 8 and 5 experiments respectively.

Enzyme activities in ghosts of “young™™ and “old™ erythrocytes

Activities of most glycolytic and hexose monophosphate-shunt enzymes are
higher in young erythrocytes than in older cells [18, 19]. On the other hand, the hemo-
globin concentration is higher in old than in young erythrocytes [20]. For a better
understanding of the mechanism of aging and of erythrocyte destruction, it is impor-
tant to know the enzyme levels and the protein distribution in erythrocyte membranes
of different age groups. Therefore, we separated old and young red cells by centrifu-
gation and prepared ghosts by hypotonic hemolysis using 30 imosM phosphate
buffer as described above. Table V shows that the hemoglobin content of older ghosts
is increased by about 30 °; when compared with the fraction of younger cells. With

TABLE V
SEPARATION OF YOUNG AND OLD ERYTHROCYTES

Ghosts were prepared by a 30 imosM phosphate buffer from young and old erythrocytes obtained by
centrifugation (30 000 - ¢ for 30 min). Ten per cent of the top and bottom fractions of the sediment
were used in the experiments. All figures are mean values 4+ S.D. of 8 experiments.

Top fraction Bottom fraction
Reticulocytes (%) 4.504-0.80 0.10 - 0.05
Aspartate aminotransferase activity in
hemolysates (units/g hemoglobin) 5.98 4-0.67 1.71 +0.48
Hemoglobin in ghosts (mg/10'!
ghosts) 2.72 --0.32 3.79 4 0.31
Protein in ghosts (mg/10'! ghosts) 7.10-+0.90 8.41 : 0.85

Non-hemoglobin protein in ghosts
(mg/10'" ghosts) 4.38 1 0.51 4.62- 0.61
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the exception of 6-phosphofructokinase, the activities of all enzymes are higher in the
younger ghosts than in the older ones (Tablz VI). It is noteworthy that the enzyme
activities are lower in older than in younger ghosts though the hemoglobin content
is higher in the latter cell group.

DISCUSSION

The life-span of red cells may be partly determined by the stability and function
of the ervthrocyte membrane. Therefore, enzyme activity as an indicator of membrane
behaviour and membrane organization seems to be important. Studies of membranes
of intact erythrocytes are of limited value only. Of course, studies on isolated ghosts
do not necessarily represent the intact cell membrane in its physiological state. In
order to study isolated membranes under conditions as physiological as possible.
ghosts were prepared in the presence of | mM EDTA by hypotonic hemolysis using
a 30 imosM phosphate buffer. Ghosts prepared in such a way do not lose lipids [6].
They are morphologically intact by phase and electron microscopy, contain nearly
all of their non-hemoglobin protein (Fig. 1) and, finally, they are highly permeable
for molecules in the size of the substrates used [21]. These ghosts contained about
1 ., of the hemoglobin content of intact erythrocytes (Table ). Such a hemoglobin
content is higher than the values found by Dodge et al. [6] in ghosts prepared by 30
imosM phosphate bufler. The difference may be explained by the fuct that hemolysis
was followed by two washings only, and that the cell : buffer ratio during hemolysis
was | : 20 instead of I : 30 or 1 : 120, as used by Dodge et al. {6]. With these modifi-
cations a linear decrease in the hemoglobin content of the ghosts was found. parallel-
ing the decreasing osmolalities of the lysing buffer solutions (Fig. 1). In ghost sus-
pensions prepared with 30 imosM buffer, all the 16 enzymes were found to be of
intermediate strength, whereas the activities in ghosts prepared at lower osmolalities
were either decreased (glucose-6-phosphate dehydrogenase. triosephosphate isomer-
ase, phosphoglucomutase, bisphosphoglyceromutase. glutathione reductase 1, gluta-
thione reductase 2. 6-phosphofructokinase, phosphoglycerate dehydrogenase (decar-
boxylating), phosphoglyceromutase, glucosephosphate isomerase. enolase, phospho-
glycerate kinase, pyruvate kinase) or increased (hexokinase. fructose-bisphosphate
aldolase, glyceraldehyde-phosphate dehydrogenase). The first group of enzymes is
released from the ghosts in the same manner as hemoglobin is. These enzymes arc
therefore being termed “loosely bound™. as proposed by Duchon and Collier [1].
Consequently, the remaining three enzymes, hexokinase, fructose-bisphosphate
aldolase and glvceraldehyde-phosphate dehydrogenase. are being called “firmly
bound™.

Ghosts of normal erythrocytes prepared at 30 imosM buffer solutions sull
contain about | %, of the original hemoglobin and between 0.98 and 5.57 ° of the
enzyme activities measured in hemolysates when calculated on the basis uctivity per
cell, or per ghost respectively (Table VI).

Though the hemoglobin content of ghosts prepared from younger erythrocytes
is lower than in older erythrocytes (Table V), the activities of all enzymes except for
6-phosphofructokinase are higher (Table VI). This result shows that the binding of
hemoglobin and of enzymes seems to be independent of each other during aging.
The increased binding of hemoglobin to the erythrocyte membrane during aging
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possibly is the consequence of a reduced production of ATP, as suggested by Weed
and La Celle [22]. We suggest that the production of ATP in the compartment near
the membrane may be impaired because of diminished activities of the glycolytic
enzymes in old erythrocytes.

Duchon and Collier [1] argued that a part of both the loosely bound and the
firmly bound enzyme is masked. They called this fraction “‘cryptic enzyme activity™.
These authors demonstrated the cryptic activities by the dilution of the ghosts with
water. In our experiments toluene extraction was used for further solubilization of
membrane-attached enzymes. Figs 2-4 show that the activities of the enzymes known
as loosely bound, are higher in the buffer phase obtained after toluene extraction,
than in intact ghost suspensions. This part of enzyme activity may represent the
cryptic activities as described by Duchon and Collier [1]. Nevertheless, it cannot be
excluded that enzymes at the inside of the membrane became more accessible to sub-
strates and cofactors after disruptive treatment resulting in an elevation of the
measured enzyme activities, as suggested by Schwoch and Passow [23]. The firmly
bound enzymes fructose-bisphosphate aldolase and glyceraldehyde-phosphate de-
hydrogenase were not solubilized by toluene from ghost suspensions prepared by low
osmolality buffers, though these ghosts exhibited high activities as demonstrated in
Figs 5 and 6. The remaining activity of pyruvate kinase could not be resolved by
toluene (Fig. 6).

This behavior of the firmly bound enzymes leads to the assumption that a sub-
stantial amount of enzymes must be hidden in the residual membrane fraction.
Table 1T shows that this fraction contains non-hemoglobin protein and less than 0.02
% of hemoglobin of the original content of erythrocytes. After desintegration of this
fraction by an ultra-turrax, the activities of the four enzymes glyceraldehyde-phos-
phate dehydrogenase, fructose-bisphosphate aldolase, pyruvate kinase and phospho-
glycerate kinase could be demasked at high levels of activity (Tables I and ITI). From
these results it is concluded that all four enzymes are firmly bound to the membrane.
Sonication, on the other hand, demasked these enzymes to a lower degree only
(Table V).

Since high levels of activity in white ghosts prepared at 5 imosM, were only
detected in the enzymes glyceraldehyde-phosphate dehydrogenase and fructose-
bisphosphate aldolase, it is suggested that pyruvate kinase and phosphoglycerate
kinase are more deeply hidden in the membranes than glyceraldehyde-phosphate
dehydrogenase and fructose-bisphosphate aldolase are. Thus, pyruvate kinase may
play an important role for the supply of ATP within the membrane, in addition to
phosphoglycerate kinase, as already suggested by Parker and Hoffman [3] and by
Schrier [4].

The results presented in this paper allow a preliminary hypothesis concerning
the organization of glycolytic enzymes within the red cell membrane. It is schematically
shown in Fig. 8. The bulk of glycolytic enzymes is loosely associated with the inner
surface of the membrane, together with hemoglobin. This fraction can be measured
in ghosts prepared by hemolysis at 30 imosM buffer. A second fraction of enzymes,
probably more firmly bound in “‘crypts”, is extracted by toluene and by more hypo-
tonic hemolysis, i.e. by 5 imosM buffer solution. The firmly bound enzymes glyceral-
dehyde-phosphate dehydrogenase, fructose-bisphosphate aldolase, pyruvate kinase
and phosphoglycerate kinase are present in large quantities in the residual membrane
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Fig. 8. Preliminary scheme for the organization of enzymes in the human erythrocyte membrane
For further details refer 1o the section of discussion.

fraction after mechanical desintegration. The observation that glyceraldehyde-
phosphate dehydrogenase and fructose-bisphosphate aldolase are detectable also in
white ghosts, the membranes of which have not been disrupted, suggests that these
two enzymes are directed more toward the inner cell surface than pyruvate kinase and
phosphoglycerate kinase. Pyruvate kinase has an intermediate position: a small
part of activity is detected in white ghosts, whereas the majority is hidden and only
detectable after destruction of the membrane.

Membranes contain activities of firmly bound enzymes corresponding in
quantity to 6.5 to 23 ¢ of the activities found in hemolysates (Table 111). Whether
the enzyme activities normally hidden in the cell membrane are necessary for optimal
membrane function and stability and eventually for a normal life-span of the erythro-
cytes remains a question open to further experimental effort. Possibly, the study of
ghosts prepared from erythrocytes of patients suffering from hereditary enzymopenic
hemolytic anemia may contribute to clarify these points.
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