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ABSTRACT
Although a detailed knowledge of the structure of
the membrane still eludes investigators, recent theoret
ical and experimental evidence has shown that generaliza
tions can be drawn as to the gross aspects of the organiza
tion of the membrane.

In this dissertation, some aspects

of the lipid organization in the human erythrocyte membrane
have been studied by the use of a phospholipase A^ (PLA)
from Agkistrodon halys blomhofii.

This enzyme has been

shown to hydrolyze the phospholipid on the surface of the
membrane and to induce hemolysis of the erythrocyte under
certain conditions.

It was the purpose of this disserta

tion to use this phospholipase to study the relationships
between the cell ATP levels and the control of the membrane
structure and stability.
In general, the approach used in this dissertation
involved the modification of ATP and other metabolite lev
els within the erythrocyte or its resealed ghost.

Changes

in membrane structure were determined by the pattern of
membrane phospholipid hydrolysis by the PLA, and membrane
stability was determined by changes in the resistance of
the erythrocyte to PLA induced hemolysis.

The results

showed that a portion (45%) of the phosphatidylethanolamine
ix

:x

in the membrane became susceptible to PLA hydrolysis under
conditions of low metabolite levels.
olite

Restoration of metab

levels with a medium containing glucose, adenine,

inosine, phosphate, and pyruvate abolished this suscepti
bility.

It was also shown that restoration of the metabo

lite levels would protect the cells against PLA induced
hemolysis.

This protection effect, however, did not cor

relate with intracellular ATP, 2,3 diphosphoglycerate, pH
or membrane phosphorylation levels.

Studies using inhibi

tors of glycolj'sis, iodoacetate, and sodium fluoride,
showed that the protection against PLA induced hemolysis
was possibly controlled by a glycolytic reaction(s) lo
cated between the glyceraldehyde-3-phosphate dehydrogenase
and enolase steps.
A second series of experiments involved three
model systems designed to prove the PLA action on membranes.
In the first system, resealed ghosts were filled with ATP
and incubated with the PLA.

The results showed that 4570

of the phosphatidylethanolamine was susceptible to PLA
hydrolysis and not affected by the presence of ATP.

A

second model system, calcium induced hemolysis of erythro
cytes, was shown to be similar to PLA induced hemolysis
but was dependent on the membrane permeability and glyco
lytic metabolism.

This suggests that perhaps the PLA

action affects membrane permeability and the true

hemolysin is, in fact, calcium.

In a third system, hemoly

sis induced by melittin, a small basic polypeptide, was
studied as a model for PLA membrane interaction which would
not involve phospholipid hydrolysis or calcium.

Results,

however, showed the action of melittin to be different
from the PLA.
A third series of experiments studied the effects
+2

of Mg

, a possible competitor to calcium, on PLA action.
+2

The results showed the effects of Mg
self rather than on the membrane.

to be on the PLA it+

+

+2

Fluxes of K , Na , Ca

,

and Mg+2 were also studied during the phospholipase incuba
tion.
This research has determined that'intracellular ATP
levels are not directly involved in the control of membrane
structure as illustrated by the changing susceptibility of
the phosphatidylethanolamine to PLA hydrolysis or of mem
brane stability as illustrated by erythrocyte resistance
to PLA induced hemolysis.

In view of this, several pos

sible mechanisms for the control of membrane structure and
stability are discussed.

CHAPTER 1
INTRODUCTION
A number of vital processes and crucial cellular
roles are thought to be functions of the cellular membrane.
In cells, the membrane acts as a physical boundary, per
mitting each cell to function individually, to interact
with other cells, and to survive in varying environments.
Yet, our knowledge of membrane organization is still frag
mentary.

The great diversity in membrane composition has

led some investigators to believe that not many useful
generalizations can be drawn about the structure of mem
branes.

While a detailed knowledge of the structure still

eludes investigators, recent theoretical and experimental
knowledge has shown that certain generalizations can be
drawn as to the gross aspects of the organization of mem
branes.

In this dissertation, these aspects of organiza

tion will be discussed in detail and then evidence for
metabolic control of the structure and stability of the
erythrocyte membrane will be presented and discussed.
The erythrocyte membrane is composed of 49% pro
tein, 33% phospholipid, 11% cholesterol, and 7% carbohy
drate (Pennel 1974, p. 95).

The phospholipid found in the
1
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membrane can be divided into the following major classes:
phosphatidylethanolamine (PE) comprising 277» of the total
phospholipid; phosphatidylserine (PS) comprising 13% of
the total; sphingomyelin comprising 26% of the total;
phosphatidylcholine comprising 30% of the total; and minor
phospholipids comprising the remaining 4% of the total
phospholipid (Nelson 1972, p. 334).

The structures of

these phospholipids are shown in Appendix I.
The exact disposition of lipid and protein in the
membrane is still unknown but several models have been pro
posed.

One model, originally developed by Gorter and

Grendel (1925) and later expanded by Danielli and Davson
(1935) and Robertson (1960), suggested an arrangement in
volving a continuous lipid bilayer sandwiched between two
monolayers of protein as shown in Figure 1.

In the lipid

bilayer, the nonpolar fatty acid chains of the phospho
lipids make up a hydrophobic core while the polar head
groups are in contact with a layer of protein which would
be in the extended

3-conformation.

Singer and Nicolson (1972) disagreed with this
model on several grounds.

From a thermodynamic argument,

which seeks to maximize the amount of hydrophobic and hydrophilic interactions, the former structure would be un
stable because the nonpolar amino acids of the protein
would be exposed to water while the polar head groups of

3

Danielli and Davson
Protein
Polar head group
Hydrophobic core
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Polar head group
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"Fluid Mosaic Model"
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Figure 1.

Two Models of the Membrane
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the phospholipids would be shielded from direct interac
tions with water by the protein layer.

Moreover, the mem

brane proteins are heterogeneous with respect to molecular
weights and show appreciable amounts of a-helical conforma/

tion rather than 3-conformation.

This suggests that the

proteins are globular rather than expanded and if they
were attached to the surface of the membrane, would require
that the membrane thickness be much larger than the 75 to
90 A generally observed.

For these reasons, Singer and

Nicolson proposed the "fluid mosaic model" of the membrane
where the proteins are integrated into the lipid bilayer
(as shown in Figure 1) maximizing hydrophilic and hydro
phobic interactions.

As support for their model, the

authors cite freeze-etch electron microscopy data showing
the membrane as a smooth matrix interrupted by a large num
ber of particles which have been shown to be composed of
protein.

Their model also predicts that there are pro

teins which span the bilayer.

This idea has been proven

by chemical labeling and proteolysis experiments on normal
and inverted membranes.

Experiments by Frye and Edidin

(1970), showing that antigenic determinants on mouse and
human membranes quickly intermixed when cell fusion oc
curred, provided evidence that the proteins (at least
those on the outer surface) are not static but in a fluid

5

state in the membrane.

This fluid mosaic model has become

the most widely accepted model for membrane structure.
This model, however, is only a general description
of membrane structure.

There is substantial evidence show

ing that the two membrane surfaces are not identical in
structure or composition.

The general strategy used to

show this asymmetric arrangement of membrane components is
to study the reaction of various nonpermeant enzymatic or
chemical probes with intact cells or membrane preparations.
The most widely used preparations are intact
erythrocytes and membrane "ghosts" prepared by hypotonic
hemolysis of the erythrocytes.

The ghost membranes can

then be washed according to the procedure of Dodge, Mitch
ell and Hanahan (1962) which results in membranes that are
hemoglobin free and are considered to be "open" in that
both membrane surfaces are accessible to the external me
dium.

Alternatively, the membranes can be resealed in the

presence of isotonic salt according to the general proce
dure outlined by Hoffman (1962) whereby the ghosts retain
.16 to 207o of the original hemoglobin and regain the normal

permeability properties found in intact erythrocytes.
Inside-out resealed ghosts can also be prepared from mem
branes by the procedure of Steck et al. (1970) where the
cytoplasmic surface of the cell membrane faces outward and
is accessible to the medium.

6

Zwaal, Roelofsen and Colley (1973) have provided
a review ,6f the use of proteolytic enzymes, group-specific
chemical labels, and phospholipases to determine asym
metry of proteins and lipids in the membrane.

Treatment

of intact human erythrocytes with proteolytic enzymes has
shown that glycopeptides were released from the membrane,
acetylcholinesterase activity was abolished, and that
three membrane proteins having molecular weights of 90,000,
95,000, and 105,000 were reduced to peptides of molecular
weights of 70,000 to 75,000.

From this data it can be

concluded that these glycopeptides and proteins are at
least partially exposed on the outer surface of the eryth
rocyte membrane.

Intact erythrocytes treated with amino

group-specific reagents such as diazosulphanilic acid or
formylmethionylsulphone methyl phosphate (FMMP) showed the
same pattern of protein labeling as the experiments with
proteolytic enzymes.

"Open" ghosts, on the other hand,

showed labeling of all proteins in the membrane.
Group-specific chemical labeling has also been
used to probe the phospholipid asymmetry in the membrane.
These labels are designed to react with the free amino
groups of PE and PS but not with the trimethy1-amino group
of PC. Some of the labels that have been used are
4-acetamido 4'-thiocyano stilbene disulphonate (Maddy
1964), FMMP (Bretscher 1972a, Bretscher 1972b), and

7

2,4,6-trinitrobenzenesulfonic acid (TNBS) (Haest and
Deuticke 1975; Gordeski and Marinetti 1973).

Incubation

of these compounds with intact erythrocytes showed that
there are very few reactive PE and PS residues present on
the outer surface of the membrane.

Therefore, on this

basis, it has been proposed that PC and sphingomyelin are
predominantly on the outer surface of the membrane lipid
bilayer

and PE and PS are on the cytoplasmic surface of

the membrane.
Studies of phospholipid hydrolysis by phospholiphases also support this concept.

Phospholipase A£ (PLA)

from Naja naja or bee venom hydrolyzes 60% of the PC in
human erythrocytes and sphingomyelinase hydrolyzes 80 to
85% of the sphingomyelin in the erythrocytes (Zwaal et al.
1973; Verkleig et al. 1973) without causing hemolysis.
Thus, the PC and sphingomyelin would reside in the outer
surface of the lipid bilayer.

Similar results were also

obtained with sealed inside-out vesicles made from eryth
rocytes (Kahlenberg, Walker and Rohrlick 1974) in which
PE and PS were shown to be the predominant phospholipids
hydrolyzed by the phospholipase.

This would support the

proposal that they reside in the cytoplasmic surface of
the bilayer.

However, it will be shown in the following

discussion that caution should be used in the interpreta
tion of the hemolytic and hydrolytic actions of

8

phospholipases on erythrocyte membranes as there is a com
plex dependence of these enzymatic actions on the source
of the phospholipase, source of erythrocytes, conditions
of incubation, and metabolic state of the cell.
Phospholipase A£ activity was first shown to be
present in many animal venoms (Delezenne and Ledebt 1911)
by their ability to hydrolyze phosphatidylcholine to its
lyso form.

This activity was presumed to be primarily re

sponsible for erythrocyte lysis by snake venoms.

Ibrahim

and Thompson (1965) attempted to further clarify the role
of phospholipase A2 (PLA) action on membranes by incubat
ing erythrocytes and ghosts with venoms known to be rich
in PLA. In "open" ghosts, PC, PE, and PS were all rapidly
hydrolyzed by the venoms.

In intact erythrocytes, how

ever, crude pancreatic PLA showed no hydrolysis of phos
pholipid; cobra venom (Naja na.ja) showed only a slight hy
drolysis; and sea snake venom (Enhydrina schistosa)
produced some hydrolysis but no hemolysis.

It was re

ported by Condrea, De Vries and Mager (1964) that if phos
pholipid was added to the incubation media then hemolysis
of the erythrocytes would take place on addition of PLA.
This result was attributed to the observation that suffi
cient lyso-PC in the media would also cause hemolysis.
Furthermore, Gul, Khara and Smith (1974) compared the abil
ity of twenty-four different venoms to hydrolyze and
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hemolyze intact human erythrocytes.

They found the results

to be dependent on many factors; but, in general, the
amount of hemolysis was found to correlate with the amount
of phospholipid hydrolysis.

Wide variations did exist,

however, which pointed up the fact thait these are crude
systems where unknown components could play important
roles (Phillips 1970).

Therefore, it is imperative that

purified phospholipases be used in these experiments.
In experiments using purified phospholipases (the
action of various phospholipases on phospholipid is shown
in Appendix I).

Colley et al. (1973) reported that phos-

pholipase C (PLC) (Bacillus cereus) produced no hydrolysis
of phospholipid in intact erythrocytes.

Sphingomyelinase

(Staphylococcus aureus), on the other hand, hydrolyzed 70
to 85% of the sphingomyelin in the erythrocyte.

However,

when both phospholipases were used together all phospho- lipid classes were hydrolyzed and there was 100% hemolysis.
Thus, it appears that phospholipid hydrolysis by one phospholipase can alter the membrane structure such that the
membrane can be attacked by other phospholipases.

Wood

ward and Zwaal (1972) reported a similar situation when
the erythrocyte membrane structure was altered by swelling
the cells in hypotonic sucrose (120 mM). As the cells
swelled, they became susceptible to PLC attack, whereas
unswollen cells showed no susceptibility to PLC attack.

Exogenously added substances have also been shown
to modify the action of phospholipases on erythrocytes.
For instance, albumin has been shown to cause lysis when
added in combination with PLA (Naja naja) (Gul and Smith
1972; Gul et al. 1974; and Gul and Smith 1974).

In this

case it was thought that albumin removed the free fatty
acids from the membrane.

It was later shown, however,

that 75% of the cleaved fatty acids could be removed with
out causing hemolysis; and it is now thought that the re
moval of lyso-phospholipids causes the hemolysis.

Other

factors known to affect cell swelling and potentiate PLA
(bee venom) induced hemolysis of guinea pig erythrocytes
are direct lytic factor of cobra venom, meiittin and
apimin (polypeptides from bee venom), vasopressin,
p-chloromercuribenzoate, and N-ethylmaleimide (Vogt et al.
1970).
Martin et al. (1975) have reexamined the action of
PLA on

erythrocytes in more detail to "establish whether

the published results are a general phenomena or merely
represent an isolated situation which is peculiar to a
specific enzyme, to the use of human erythrocytes, and/or
to the restricted conditions employed."

To do this, they

studied several different PLA's, the effects of pH on hy
drolysis and hemolysis, the effects of calcium concentra
tion on hemoysis and hydrolysis, the correlation between
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calcium uptake and hemolysis, the effects of erythrocyte
type and age, the effects of different anticoagulants used,
and the cation effluxes during the PLA incubation.
Martin et al. (1975) tried PLA's from Crotalus
adamanteus, Naja naja, and acidic and basic enzymes from
Agkistrodon halys blomhofii.

All enzymes required calcium

for enzymatic activity and hydrolyzed synthetic substrates.
However, only the PLA from Naja naja and the basic PLA from
Agkistrodon were reported to hydrolyze membrane phospho
lipid and induce hemolysis in intact erythrocytes.

The de

pendence on calcium of phospholipid hydrolysis by PLA
(Agkistrodoti) showed a typical enzymatic saturation curve,
reaching saturation at 10 mM calcium.

Hemolysis, on the

other hand, was quite different and showed a linear depen
dence on calcium concentration from 5 to 50 mM.

The re

sults of the pH, calcium, and ATP experiments showed that
initially there was 60 to 70% hydrolysis of PC, which re
sulted in a quasi-stable membrane which remained stable at
low pH (pH = 7.4) and low calcium (= 10 mM) or at

high pH

(pH = 8.0) and high calcium (= 40 mM) with glucose present.
Under these conditions, the ATP was shown to remain high
and the intracellular calcium low.

However, tinder condi

tions of low ATP levels, i.e., high pH and high calcium
without glucose, additional hydrolysis of phospholipid and
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hemolysis takes place. It is unclear whether the addi
tional hydrolysis of PC, PS, and PE precedes or follows
hemolysis as the two occur almost simultaneously.

Also,

it was found that cells from different animals which have
similar erythrocyte phospholipid compositions were quite
variable in their response to PLA.

Although they urged

caution in the interpretation of phospholipase action on
erythrocytes as regards the localization of the phospho
lipid in the membrane, they did suggest that the ability
of PLA to induce hemolysis was dependent on pH, calcium,
and ATP levels of the cell.
Although Martin et al. (1975) did not propose a
mechanism for PLA induced hemolysis wherein a dependencie on
pH, calcium, and ATP levels would be taken into account,
one might propose that the phospholipase hydrolysis of the
membrane phospholipid would cause a change in membrane
structure and permeability which would lead to a lowering
of ATP levels and an increase in intracellular calcium.
The erythrocyte would then swell making it more susceptible
to further hydrolysis and eventual hemolysis.
Such a proposal is not without experimental support.
Jacobi et al. (1972) studied the changes in Na+ and K+ per
meability of guinea pig erythrocytes incubated with PLA
(bee venom).

They reported that PLA hydrolyzed membrane

phospholipid and a loss of K+, an increase in Na+
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permeability, and cell swelling.

On a biophysical level,

Simpkins, Tay and Panko (1971) reported that ghost mem
branes treated with PLA (Naja naja) were unchanged in pro
tein helical conformation as determined by circular
dichroism; but fatty acid spin labels showed that the
lipid regions became more immobile and ordered.

Also, spin

labeled N-ethylmaleimide showed that the PLA hydrolysis
altered certain membrane protein sulfhydryl groups which
have been implicated in the control of erythrocyte perme
ability (Jacob and Jandl 1962; Naccache and Sha'afi 1974;
and Sutherland, Rothstein and Weed 1967).
PLA may also affect cation permeability by inhibit4-2
4+
ing the Ca
or Na - K adenosine triphosphatases (ATPase)
found in the membrane.

These ATPase activities are re-

quired for the active transport ("pumping") of Ca+2 and Na+
out of the cell and K+ into the cell against their respec
tive concentration gradients.

Inhibition of ATPase activ

ity by phospholipases has been reported by Zwaal et al.
(1973) for the Na+ - K+ ATPase and by Cha, Shin and Lee
(1971) for the Ca+2 ATPase and would lead to an increase
in intracellular calcium and sodium levels.
In further support of the proposed mechanism for'
PLA induced hemolysis, Lichtman and Weed (1972) reported
that the intracellular calcium concentration was four times
higher in ATP depleted erythrocytes than in normal cells.

Also, it has been suggested that an increase in intra
cellular calcium is responsible for changes in volume, os
motic fragility, and gross morphology of erythrocytes
(Weed and Chailley 1972; White 1974; and LaCelle et al.
1972).
Several general theories for the hemolysis mecha- •
nism also takes advantage of the change in erythrocyte per
meability, the increase in intracellular calcium, and the
lowering of intracellular ATP levels which have been pre
viously described.

First is the classical osmotic mecha

nism described by Ponder (1948, p. 242) where the colloidosmotic pressure of the hemoglobin and other material in
the cell is potentailly greater than that of the surround
ing medium.

However, due to the impermeability of the mem

brane towards cations, there is no effective osmotic pres
sure difference and water does not enter the cell.

Hemoly

sis would result from the membrane becoming permeable to
cations, especially K+, resulting in the transfer of water
into the cell according to the Donnan equilibrium.

More

recently, however, erythrocytes were shown to be permeable
to Na+ and K+ by the exchange of radioactive tracers be
tween the external medium and cytoplasm making: it unlikely
that impermeability of the membrane to cations is respon
sible for maintaining a constant cell volume.

Therefore,
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Tosteson and Hoffman (1960) proposed a model where active
transport of Na+ and K+ is responsible for maintaining a
steady state cation concentration.

Any changes in this

steady state by a change in the rates of individual cation
movements across the membrane would result in cell swelling
as predicted by.the Donnan equilibrium.
A second proposal (Gazitt, Ohad and Loyter 1976),
suggested that the loss of Membrane phosphorylation during
low ATP levels may cause membrane protein aggregation
which, in turn, could lead to altered lipid susceptibil
ities to PLA hydrolysis and/or to hemolysis.

Allan et al.

(1976) suggested that a net synthesis of 1,2 diacylglycerol
could occur in the membrane in the presence of increased
intracellular calcium.

Normally in the presence of high

ATP, diacylglycerol would be converted to phosphatidic
acid; but tinder low ATP conditions it would tend to accumu
late and could possibly alter the membrane structure even
though it accounts for less than 1% of the total membrane
phospholipid.

Another theory (Kirkpatrick 1976) suggests

that calcium interacts with two membrane associated pro
teins, spectrin and Band V, causing them to aggregate and
mechanically induce changes in the membrane structure,
which is followed by hemolysis.
The extent of phospholipid hydrolysis has been
shown to be dependent on the metabolite levels in the cell.
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Gazitt, Ohad and Loyter (1975) have shown that ATP deple
tion of chicken erythrocytes exposed phospholipid to
further hydrolysis by PLC (B. cereus) and ATP depletion of
toad erythrocytes increased the total phospholipid hydrolyzed from 17% to 66% and caused lysis.

Restoration of the

ATP levels returned the resistance to PLC hydrolysis back
to normal.

Similar results were also shown for rat eryth

rocytes (Gazitt, Loyter

et al. 1976).

In a study using

PLA (Naja naja), Haest and Deuticke (1976) found that when
intracellular ATP levels were lowered the amount of PE hydrolyzed increased from 0% in fresh cells to 22% in cells
incubated for twenty-four hours at 37° C in the absence of
any substrates or to 45% hydrolysis of PE in cells preincubated for three hours with tetrathionate, a sulfhydryl
oxidizing reagent.

Preincubation of the above treated

cells with glucose suppressed the increase in susceptibil
ity of PE to hydrolysis.

Reaction rates of the group-

specific label TNBS with PE showed the same increase in PE
susceptibility with ATP depletion (Haest and Deuticke 1975).
These data, when taken together with the data of Gazitt et
al. (1975) and Martin et al- (1975), show a very complex
dependence of PLA action on cell metabolite levels.
These data on the changing susceptibility of PE to
PLA hydrolysis with changing ATP levels illustrates why
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Martin et al. (1975) have urged caution in interpreting
the action of phospholipases on erythrocytes.

In effect,

the phospholipase hydrolyzes only those phospholipid resi
dues which are accessible to it.

This accessibility is

not necessarily determined by an asymmetric distribution
of lipid in the bilayer as it seems sc many authors have
assumed but may be determined by other factors such as
changing phospholipid surface pressure (Demel et al. 1975)
or changes in "shielding" by protein-lipid interactions
(Gazitt, Ohad and Loyter

1976) or by changes in the ionic

nature of the phospholipid (Godin and Garnett 1976).
From the preceding discussion, it appears that
there is a portion of the PE which resides on the outer
surface of the membrane but is shielded against PLA attack,
possibly by a membrane protein.

Conformational changes

take place during metabolic starvation which leads to an
unshielding of this PE and subsequent hydrolysis.

Contrary

to the speculation by Martin et al. (1975), this PE hydrol
ysis does not necessarily lead to an immediate hemolysis;
however, the converse argument that hemolysis leads to PE
susceptibility is probably true for their case.

For the

purpose of studying the relationship between energy levels
and membrane structure and stability, one can hope that the
mechanisms for controlling membrane structure and cell
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hemolysis will be the same; but evidence for this is only
circumstantial and the two mechanisms may be totally dif
ferent.
The purpose oZ the research to be described in this
dissertation was to study the relationship between the cell
ATP levels and the control of erythrocyte membrane struc
ture and stability.

The starting point for this investi

gation was the work done by Martin et al. (1975) showing
that hydrolysis of membrane phospholipid and hemolysis in
duced by PLA were functions of pH, calcium, and ATP levels.
In general, the approach used in this dissertation
involved the modification of the levels of ATP and other
metabolites within the human erythrocyte or its resealed
ghost.

This was followed by an examination of the membrane

for changes in structure and stability using the basic PLA
from Agkistrodon halys blomhofii as the membrane probe.
The experiments fall into three categories.

In the first

category, the ATP and other metabolite levels of intact
erythrocytes were depleted; and the cells were studied for
changes in the membrane which might have taken place.

In

another series of experiments, metabolite depleted cells
whose metabolite levels had been "reconstituted" by incu
bation in a medium containing glucose, inosine, pyruvate,
adenine, and phosphate, were studied for changes in struc
ture and stability.

A third series of experiments involved
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the effects of glycolytic inhibitors iodoacetate and so
dium fluoride on the erythrocyte metabolite reconstitution
and susceptibility to PLA action.
A second category of experiments involved three
"model" systems designed to further probe the action of
PLA on the erythrocyte membrane.
PLA actions on resealed ghosts.

The first was a study of
These resealed ghosts

could be filled with calcium or ATP and then the membrane
probed with PLA for changes in structure. In a second sys
tem, calcium induced hemolysis was studied as a model for
PLA induced hemolysis as it was thought that calcium influx
might be the primary cause of hemolysis.

The third system

was hemolysis induced by melittin, a small polypeptide
from bee venom which lacks enzymatic activity but has been
shown to hemolyze erythrocytes (Habermann 1972). Melittin
provides a model for PLA induced hemolysis which would not
involve hydrolysis of membrane phospholipid or calcium
dependence but might point out nonenzymatic interactions
between PLA and the hemolysis mechanism.
A third category of experiments studied the effects
of cations, especially Mg+2 , on the PLA action. It was
+2
though that Mg
might act as a competitor to calcium and
thus more clearly expose the role of calcium in the

20

determination of membrane structure and stability.
+

+

+2

K , Na , Ca

+2

, and Mg

Also,

fluxes were studied during eryth

rocyte incubation with PLA.

CHAPTER 2
MATERIALS
Agkistrodon halys blomhofii and Crotalus adamanteus
venoms were obtained from the Miami Serpentarium (Miami,
Fla.) Histidine, imidazole, N-2 hydroxyethyl piperazine-N'ethane sulfonic acid (HEPES), tris (hydroxymethyl) amino
ethane (TRIS), adenosine triphosphate (ATP), ethylenedinitrilotetraacetic acid (EDTA), ethylene glycol bis
(6-amino ethyl ether) tetraacetic acid (EGTA), phosphoenolpyruvate, sodium lauryl sulfate (SDS), 2,3 diphosphoglycerate, 2-deoxyglucose, ouabain, and bovine serum albumin (BSA)
were purchased from Sigma (St. Louis, Mo.)-

The enzymes

pepsin, phosphoglycerate mutase, enolase, crude luciferinluciferase (firefly tails), and bee venom were also pur
chased from Sigma.

CM- and DEAE-cellulose were purchased

from Whatman (Clifton, N. J.). Biogel P-2 was purchased
from Bio Rad (Richmond, Cal.). Iodoacetate, hexanoic acid,
tetraethylammonium hydroxide, tetrabutylammonium hydroxide,
dicyclohexylcarbodiimide, dibutylphthalate, and dinonylphthalate were purchased from Eastman (Rochester, N. Y.).
Silica Gel H was purchased from Van Waters and Rodgers.
Calcium-45, phosphorous-32 (as orthophosphate), Protosol,
and Aquasol were purchased from New England Nuclear
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(Gardena, Cal.) L-lactate was from Miles Laboratories
(Elkhart, Ind.). Pyruvate was from Boehringer. Adenine
was from Calbiochem (La Jolla, Cal.). Inosine was purchased
from Mann Research Laboratories (New York, N. Y.).
ionophore X-537Awas provided by Dr. Merle Olson.
laboratory reagents were of AR qtiality.

The

All other

CHAPTER 3
METHODS
Purification of the Basic Phospholipase A2
from Agkistrodon halys blomhofii
This venom has been reported (Kawauchi et al. 1971)
to contain two phospholipases A2 labeled acidic and basic.
Only the basic phospholipase A£ (PLA) has been used in the
studies reported here.

This enzyme was purified by a mod

ification of the procedure of Martin et al. (1975).
operations were carried out at 4°C.

All

Two grams of venom

were dissolved in 0.05 M acetate buffer (pH = 5.6) and ap
plied to a CM-cellulose column (2.6 x 48 cm). The column
was eluted with 250 ml of the acetate buffer and then with
a linear gradient of 1 liter of the acetate buffer and 1
liter of 0.3 M NaCl in the same buffer at a flow rate of
60 ml/hr.

Ten ml fractions were collected and measured for

protein by absorbance at 280 nm and for activity by titra
tion of the fatty acids hydrolyzed from dihexanoylphosphatidylcholine (DiCgPC) (Wells 1972).

The gradient was

measured by its conductance (Radiometer, Copenhagen).
Three peaks of activity were found.

The first (^ 697o of

applied activity) appeared in the initial wash. The second
peak (^ 27o of applied activity) appeared at 3 mmhos (0.05 M
NaCl) and the third peak ('v- 29% of applied activity)
23
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appeared at 10 mmhos (0.2 M NaCl) and represented the basic
enzyme.
The fractions containing the basic PLA were com
bined and lyophilized.

The enzyme was dissolved in 20 ml

of water and applied to a Biogel P-2 column (2.8 x 60 cm)
to remove the salt.

The enzyme was collected, lyophilized,

and redissolved in 20 ml of 0.02 M TRIS-HC1 buffer (pH
= 8.0).

This was applied to a DEAE-cellulose column

(1.6 x 30 cm) and eluted with 90 ml of the TRIS buffer fol
lowed by a linear gradient of 500 ml TRIS buffer and 500 ml
of 0.2 M NaCl in the same buffer at a flow rate of 60 ml hr.
Seven ml fractions were collected.

A single peak of activ

ity was found which eluted at 4 mmhos (0.08 M NaCl).

The

fractions containing activity were again lyophilized and
the salt removed by passing the PLA through a Biogel P-2
column.

The overall yield was 15.4 mg and represented

33.1% of the activity of the crude venom for an overall
purification of 22 fold.

Analysis by polyacrylamide gel

electrophoresis (Ornstein 1964 and Davis 1964) showed the
enzyme to be a single band.

The specific activity was com

parable to the specific activity of the enzyme prepared by
the method of Martin et al. (1975).
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Purification of the Phospholipase A2
from Crotalus Adainanteus
Two phospholipases A2 from Crotalus adamanteus
venom are routinely purified in this laboratory by the
method of Wells (1975) and are labeled a and 3.

Only the

3 enzyme has been used in the experiments described here.
Purification of Melittin
Melittin was purified from bee venom by the method
of Habermann and Reiz (1965) on Sephadex G-50 and CMcellulose.

Two peaks were found to contain hemolytic activ

ity with the most basic peak being most active.

This peak,

which was shown to have no phospholipase activity, was a
gift from Dr. M. A. Wells.
Preparation of Cells
Blood was taken from healthy human donors (donors'
initials are indicated in the Figure legends) and collected
in heparinized Vacutainer tubes (Becton-Dickinson). The
blood was then centrifuged at 4°C for 10 minutes at 3,000
xg and the serum and buffy coat removed by aspiration.
The cells were then washed in a sterile solution of 0.02 M
HEPES pH 7.4, 108 mM KC1, 23 mM NaCl, and 6 mM MgCl2
(which will be designated as solution A^'^) three times
and brought to a 50% cell suspension. To make metabolite
depleted cells, this cell suspension was incubated at 37°C

for 16 to 24 hours. Although only ATP and 2,3 DPG were
measured, it will be assumed that glycolytic intermediates
are also depleted by this procedure.

After incubation, the

cells were washed three times with sterile solution

J

p

.

Very little bacterial contamination was found if care was
taken to use sterile solutions, pipets, and technique.
Reconstitution of Metabolite Depleted Cells
Metabolite depleted cells were incubated at a 10%
cell suspension at 37°C for 0 to 4 hours in reconsitution
medium, which contained 5 mM glucose, 1 mM adenine, 5 mM
inosine, 10 mM phosphate buffer (pH 7.4) in sterile solu
tion pJ

.

In some experiments 5 mM pyruvate, 5 mM iodo-

acetate, or 10 mM 2-deoxyglucose were also present.

After

incubation, the mixture was cooled on ice and the cells
washed with cold solution A8 0 (pH was 8.0 rather than 7.4)
three times before use.
Phospholipase Incubation
Incubation of cells with phospholipase was carried
out at 37° C in a mixture containing 20 mM buffer (HEPES or
histidine:imidazole 1:1) pH 8.0 or 7.4, 0 to 40 mM CaC^,
20 yg/ml of phospholipase, cells and enough solution pJ
or A8'0 to make a 107o cell suspension.

Hemolysis Measurement
Hemolysis was measured by taking a 50 yl aliquot of
cell incubation mixture and centrifuging for 1 minute (Eppendorf centrifuge 3200).

Twenty yl of supernatant was

then diluted with 1 ml of water and the absorbance measured
at 430 ran. Total hemolysis was determined by diluting 20
yl of the incubation mixture with 1 ml of water and measur
ing absorbance at 430 nm.

t, is defined to be the time

from the beginning of the incubation until 50% hemolysis is
reached.

Statistical analysis was carried out by the

method of pairing observations (Dixon and Massey 1957, p.
124) using a Student t test.

Differences in 507o hemolysis

times were considered not to be significant if t values
were within the 95% confidence level.

t values outside

the 95% level indicated a significant difference in 507o
hemolysis times.
Phospholipid Hydrolysis Measurement
Phospholipid hydrolysis was measured by taking 1 ml
of the phospholipase incubation (10% cell suspension) and
mixing with 0.3 ml of 0.5 M EDTA to stop the reaction.

The

reaction mixture was then extracted by a modification of
the method of Bligh and Dyer (1959) where half of the meth
anol was replaced by isobutanol to obtain better recoveries
of lysophospholipids.

Therefore, to the 1.3 ml of reaction

mixture, 1 ml of methanol, 1 ml of isobutanol, 2 ml of
chloroform, and 0.7 ml of water were added with thorough
mixing between each addition (1 minute of mixing on a vor
tex mixer)..

The phases were separated by centrifugation

and the lower chloroform phase was removed. The upper
phase was reextracted with 2 ml of chloroform:isobutanol
2:1 and the lower chloroform phase removed.

The upper

phase was extracted a third time with 2 ml of chloroform
and the lower phase removed.

The combined lower phases

were taken to dryness under nitrogen and dissolved in
chloroform:methanol 2:1.

An aliquot was taken for phos

phorous recovery and the remainder applied to one corner
of a Silica Gel H plate (0.3 mm x 20 cm x 20 cm) prepared
from a slurry of 27 g of gel in 72 ml of 1 mM Na2C0g.

The

plate was developed in the two dimensional system of Broekhuyse (1969).

To visualize the spots, the plates were

sprayed with ninhydrin (0.33% ninhydrin in 2-propanol:
acetic acid: pyridine: water 90:12:4:10 (v/v)) and Zinzade
reagent (Dittmer and Lester 1964).

The spots were scraped

into chromic acid cleaned tubes and digested with 0.6 ml
of perchloric acid.

Phosphorous was determined by the

method of King (1932) in the presence of the silica gel,
which was removed by centrifugation at 1,500 xg prior to
measuring absorbance at 820 nm.

Total recovery of extracted

phospholipids was greater than 80% in all cases.

ATP Measurement
ATP was measured by use of a luciferin-luciferase
system (Stanley and Williams 1969). In this assay, 100 mg
of lyophilized firefly tails were ground and dissolved in
75 ml of 0.04 M MgC^rO.l M Na2HAsO^ 1:1 (v/v).

Particu

late matter was removed by centrifugation before use.

ATP

standards were prepared immediately before use in 0.04 M
TRIS-borate buffer (pH 9.2) containing 10 yM EGTA.

Samples

were prepared by adding 1 ml of cold 0.56 M perchloric acid
to 100 yl of a 50 % cell suspension.

The pH was then ad

justed to pH 7.0 by adding 0.2 ml of 2.24 M I^COg, and the
samples were frozen until assayed.

Just prior to assay,

the samples were thawed, the insoluble perchloric salts
were removed by centrifugation, and the samples were di
luted with TRIS-borate buffer.

For assay, 0.5 ml of stan

dard or diluted sample was combined with 2.5 ml of TRISborate buffer in a glass scintillation vial and placed in
a Beckman LS-250 scintillation counter at room temperature.
Then, 0.6 ml of firefly extract was forcefully squirted
from a syringe into the vial (to promote immediate mixing)
T/
*30
and immediately counted for 0.2 minutes using the
C +
P
energy windows.
pmoles of ATP.

The assay was sensitive from 20 to 250

Measurement of 2,3 Diphosphoglycerate
2,3 diphosphoglycerate (2,3 DPG) was measured by
the method of Beutler (1975, p. 108), which takes advantage
of the cofactor role of 2,3 DPG in the monophosphogylcerate
mutase reaction.

The samples were prepared in the same .way

as those used for ATP measurements.
Intracellular pH Measurement
Intracellular pH was measured by the technique of
Zeidler and Kim (1977) using an acid-base analyzer, type
E 5021/a, with capillary glass electrode, type G297/G2
(Radiometer, Copenhagen). The samples were prepared by
placing 0.4 ml of a 10% cell suspension into a small plas- •
tic tube and quickly pelleting the cells by centrifugation
(Eppendorf centrifuge 3200).
frozen in dry ice--ethanol.

The samples were immediately
For assay, the samples were

rapidly thawed and refrozen twice to hemolyze the cells.
Care was taken to avoid mixing of the packed cell hemolysate
with the supernatant.

The samples were then refrozen and

the tubes were cut just below the top of the packed cell
hemolysate, allowed to thaw, and measured immediately for
pH.
Measurement of 32P Bound to Membrane
32p (as orthophosphate) was added to the phosphate
buffer used in the meditam for reconstitution of metabolite
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depleted cells (specific activity was 94,000 cpm/ymole of
Pi).

At various times, 1 ml of the incubation mixture was

added to 4 ml of cold solution A^*^", and the mixture centrifuged at 15,000 xg for 5 minutes.

The cells were washed

three more times in this manner to remove extracellular
phosphate.

Two ml of 20 mM TRIS-HC1 buffer (pH 7.4) were

then added to the packed cells to cause hemolysis, and the
resultant ghosts were collected by centrifugation at 30,000
xg for 5 minutes. The ghosts were then washed three times
with the TRIS-HC1 buffer and finally suspended in 1 ml of
the same.

The ghosts were hemoglobin free at this point.

0.2 ml of the suspension was added to 0.8 ml of 0.5% SDS,
mixed vigorously to dissolve the membranes, and protein
determined by the method of Lowry et al. (1951).

The re

maining 0.8 ml of suspension was added to 0.5 ml of Protosol and counted on a Beckman LS-250 scintillation counter
with Aquasol as the scintillation cocktail.
Preparation of Resealed Ghosts
Resealed ghosts were prepared from fresh or metabo
lite depleted cells by adding 0.5 ml of a 50% cell suspen
sion to 4.5 ml of water and allowing the hemolysate to
stand in the cold (0°C) for 5 minutes.

Then, 4.75 ml of

310 mM KCl was added to make the hemolysate isotonic and
the preparation was allowed to incubate at 37° C for 30
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minutes.

The ghost membranes were pelleted at 30,000 xg

for 15 minutes and then washed two times with solution A^'^.
These ghosts retained 10 to 16% of their hemoglobin and
appeared discoid or spherical tinder phase contrast micro-,
scopy.
Measurement of Calcium Uptake
in Cells and Ghosts
Resealed ghosts were prepared as described earlier
and incubated with ionophore and/or PLA at a 20% ghost sus
pension.

The incubation medium contained ^Ca (specific

activity was 148,000 cpm/ymole Ca).

It was found that

these resealed ghosts were still dense enough to be sep
arated from the incubation medium by centrifuging (Eppendorf centrifuge 3200) them through a mixture of dibutylphthalate and dinonylphthalate 20:14.8 (v/v). Therefore, at
specified times, 0.5 ml aliquots of incubation were layered
on top of the phthalate mixture and centrifuged for 1 min
ute to pellet the cells.

The medium left on top of the

phthalate was carefully removed and the top of the centri
fuge tube was washed several times to remove any ^^Ca re
maining.

The remainder of the phthalate was then removed

and the ghosts suspended in 1 ml of water. A 0.5 ml of
aliquot of this was then counted.
Calcium uptake into cells was determined by the
procedure of Martin et al. (1975). Counting was done in a
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Beckman LS-250 scintillation counter using Aquasol as the
scintillation cocktail.
Synthesis of Dihexanoylphosphatidylcholine
Dihexanoylphosphatidylcholine (DiCgPC) was prepared
for use in the phospholipase purification and for subsequent studies on the competition between Mg+2 and Ca+2 in
the phospholipase reaction.

Egg PC was prepared by the

method of Wells and Hanahan (1969, p.178). Glycerophosphoylcholine was prepared from the egg PC by the method of
Brockerhoff and Yurkowski (1965) and the hexanoic anhydride
was made by reaction with dicyclohexylcarbodiimide (Selinger and Lapidot 1966).

The acylation was carried out by the

procedure of Cubero-Robles and Van Den Berg (1969) as de
tailed by Yabusaki (1975).
Phospholipase Hydrolysis of DiCgPC
Hydrolysis of DiCgPC was measured by fatty acid ti
tration (Wells 1972) using a pHStat-Titrator (Radiometer,
Copenhagen).

A plastic reaction vessel was used as the
*

phospholipase from Agkistrodon adheres very tightly to
glass.

Between successive assays the reaction vessel and

electrodes were exposed to a solution of pepsin (10 yg/ml)
in 0.05 N HC1 for several minutes for complete removal of
the PLA.
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Cation Levels
K+, Mg+2, and Na+ loss were determined by assaying
the supernatant after the cells were sedimented by centrifugation at 1,500 xg.

Measurements were made by atomic ab

sorption on a Beckman 440 Atomic Absorption Spectrometer
at 766 nm for K+, and 287 nm for Mg+^, and at 589 nm for
Na+.

CHAPTER 4
RESULTS OF THE RECONSTITUTION OF
METABOLITE DEPLETED CELLS
The purpose of this series of experiments was to
show a relationship between erythrocyte membrane structure
and stability and cellular metabolic factors such as cal
cium, ATP, 2,3 DPG, and pH.

In general, the experimental

approach was to take cells which had been depleted of in
ternal metabolites and to reconstitute their metabolites by
incubation in medium containing glucose, adenine, inosine,
and phosphate.

Cell membrane changes during this process

were monitored by changes in PLA (Agkistrodon) hydrolysis
of membrane phospholipid and by changes in the cell sus
ceptibility to PLA induced hemolysis.

In the experiments

to follow, the levels of ATP, 2,3 DPG, intracellular pH,
and membrane phosphorylation represent some of the meta
bolic factors which were studied.

Also the use of metabol

ic inhibitors provided some clues as to what portion of
glycolytic metabolism might be directly involved in con
trolling membrane structure.
Preliminary experiments were conducted to determine
whether metabolite depleted cells could be reconstituted
35

and if so with what results. During reconstitution, sever
al interesting observations were made.

First t^ for PLA

induced hemolysis was much longer after 1 hour of reconsti
tution than for fresh cells but then decreased with pro
longed incubation (4 hours) in reconstitution medium (see
Figure 2).

This changing resistance to hemolysis did not

correlate with ATP levels, which were 39% of fresh cell
levels after 1 hour of reconstitution increasing to 80%
after 4 hours of reconstitution.

Also, in these experi

ments it was confirmed that approximately 45% of the PE in
metabolite depleted cells could be hydrolyzed without
hemolysis taking place (Haest and Deuticke 1976).

Also

these preliminary experiments showed that PE hydrolysis by
PLA was abolished by reconstitution while 60 to 707o PC hy
drolysis

was always found for fresh, metabolite depleted,

or reconstituted cells.

This evidence showed that membrane

changes were somehow dependent on metabolic energy but did
not correlate directly with ATP levels.
vations were also made.

Two further obser

First, it was found that when py

ruvate was added to the reconstitution medium, increased
values of t^ of hemolysis were observed, without a corre
sponding increase in ATP levels.

Second, it was found that

the number of cells in the media during reconstitution in
fluenced the t^ for PLA induced hemolysis.

This was prob

ably due to the fact that in concentrated cell suspensions
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there was less substrate available per cell and therefore
less reconstitution of intracellular metabolites.

Thus, it

was decided that all incubations would be carried out at
10% cell suspensions.
ATP Depletion Using Iodoacetate, 2-Deoxyglucose,
and Incubation at 37""C
The ATP levels in fresh erythrocytes can be low
ered by incubating the cells with iodoacetate, an inhibitor
of glycolysis, or with 2-deoxyglucose, a nonmetabolizable
analog of glucose, or by incubating them at 37°C in iso
tonic saline.

In this experiment, fresh cells were incu

bated with iodoacetate, 2-deoxyglucose, or isotonic saline
for 4 hours to deplete the ATP and then reconstituted for
1 hour.
Table 1.

Measurements of t,, ATP, and 2,3 DPG are shown in
The ATP levels fell to 147o of normal for 2-deoxy

glucose treated cells and to 16% for iodoacetate treated
cells while the 2,3 DPG levels only decreased to 9570 and
79% of normal respectively.

The

t,

for hemolysis did not

correlate directly with either ATP or 2,3 DPG levels in the
depleted or reconstituted cells.
Effect of Pyruvate, Lactate, Acetate,
and Bicarbonate on Reconstitution
Since pyruvate in the reconstitution medium had
such a pronounced effect on the t^ of hemolysis, it w^s
thought that pyruvate might influence the intracellular pH
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Table 1: Use of Iodoacetate, 2-Deoxyglucose, and
37° C Incubation to Deplete Metabolites3 •
Type of Incubation

tr.(min)*
*2

ATP**

2 . 3 DPG**

Fresh cells

115

1.21

4.60

4 hours at 37 C

101

.79

3.40

>> 150

1.13

4.03

94

.17

4.40

>> 150

1.04

3.93

105

.20

3.64

130

0.00

3.56

4 hours then Recon 1 hr
2-Deoxyglucose
"

"

then Recon 1 hr

Iodoacetate
"

the Recon 1 hr

7 ?Fresh cells (KS) at a 10% cell suspension in solu
tion A
were incubated for 4 hr with 5 mM iodoacetate or
10 mM 2-deoxyglucose. The cells were washed and reincubated with the reconstitution medium plus pyruvate for 1
hr at 37°C. The PLA incubation was carried out at pH 8.0
and 40 mM calcium.

*t^ = time for 50% hemolysis
**(ymoles/ml Packed Cells)

thus leading to protection against hemolysis.

Therefore,

some other acids and bases which are transported across the
cell membrane were investigated.

The results, given in

Table 2, show that only pyruvate when added to the reconstitution medium protected against PLA induced hemolysis.
However, pyruvate alone (without reconstitution medium) did
not protect against PLA induced hemolysis.

Thus, it seemed

unlikely that the effect of pyruvate on reconstitution and
PLA induced hemolysis was due to a change in intracellular
pH.
Measurement of pH, ATP, 2,3 DPG, and t^ on
Cells Reconstituted in Different Media
The role of ATP and 2,3 DPG in the protection
against hemolysis by the reconstitution medium plus pyru
vate was further characterized.

Reconstitution incuba

tions were carried out on metabolite depleted cells for 0
to 4 hours with the reconstitution medium alone, with pyru
vate added, or with lactate added.

Intracellular pH was

measured after reconstitution as well as ATP, 2,3 DPG, and
t, for PLA induced hemolysis.
%

Table 3.

The results are shown in

After 4 hours of reconstitution, the 2,3 DPG

levels rose to above normal levels in the presence of pyru
vate but this did not correlate with the decreasing t^
over the same period.

Although the changes in ATP levels
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Table 2: Effect of Pyruvate, Lactate, Acetate,
and Bicarbonate on Reconstitutiona
Type of Incubation
Fresh cells

ti (min)
115

ATP (nmoles/ml packed
cells)
1.21

Depleted cells

83

.010

Reconstituted cells

98

.536

Reconstitution + Pyruvate

150

.375

Reconstitution + Lactate

102

.515

Reconstitution + Acetate

108

.386

Reconstitution + Bicarbonate 114

.460

Pyruvate

aMetabolite

79

not determined

depleted cells (KS) were reconstituted
at 10% cell suspension in the presence of 5 mM concentra
tions of pyruvate, lactate, acetate, and bicarbonate. The
PLA incubation was carried out at pH 8.0 and 40 mM calcium.

42

Table 3: Measurement of pH, ATP, 2,3 DPG, Membrane
Phosphorylation, and t, on Reconstituted Cellsa

Hours
of Reconstitution

Type of
Incubation

0 hr

t^(min)

pH

No Recon.

54

7.22

.03

0.00

3.5

1 hr

Recon.
" + Pyr.
" + Lac.

154
213
168

7.23
7.21
7.12

.75
.71
.81

3.17
2.94
2.31

4.8
4.4
n.d.

2 hr

Recon.
" + Pyr.
" + Lac.

n.d.
158
n.d.

7.11
7.13
6.90

.92
.93
.95

3.27
4.42
3.02

9.8
8.4
n.d.

3 hr

Recon.
" + Pyr.
" + Lac

n.d.
147
n.d.

7.03
7.06
6.86

1.07
.83
1.16

3.80
6.38
3.44

11.9
11.7
n.d.

4 hr

Recon.
" + Pyr.
" + Lac

91
133
n.d.

7.14
7.20
6.90

1.16
.95
1.71

2.86
8.66
2.84

14.1
11.5
n.d.

aMetabolite

ATP* 2,3 DPG* 32p**

depleted cells (KS) were reconstituted
with pyruvate or lactate added for 1, 2, 3, or 4 hours.
The PLA incubation was carried out at pH 8.0 and 40 raM cal
cium. Membrane phosphorylation is expressed as the average
of results obtained from 4 donors (T.A., R.W., K.S. and
P.K.).
n.d. = not determined; Pyr = pyruvate; Lac = lactate;
recon. = reconstitution medium
*(pmoles/ml Packed cells); **(ymoles P/yg Protein)

over 4 hours of reconstitution were not as dramatic as for
2,3 DPG, the results showed that ATP levels increased to
normal within the 4 hours, which did not correlate with
the decreasing t^.

Also, the pH gradually decreased over

the first 3 hours probably due to the increase in intra
cellular organic acids (Deuticke, Duhm and Dierkesmann
1971).

At 4 hours, however, other complex cellular changes

not related to levels of intracellular organic acids are
probably taking place causing the pH to rise slightly above
the 3 hour point.

This decrease in pH did not correlate

with the hemolysis results, however.
Binding of Phosphate to Membrane
During Reconstitution
The possibility (Gazitt,.Ohad and Loyter 1976) that
the membrane structure and stability could be determined by
the phosphorylation of the membrane was also investigated.
Metabolite depleted cells were reconstituted from 0 to 4
hours in reconstitution medium alone or with added pyruvate
containing 32P (as orthophosphate). At each hour an ali
quot of incubation was taken and the membrane phosphoryla
tion determined.

The results are expressed in ymoles P/yg

membrane protein and are presented in Table 3.

Over the

4 hour period, the reconstituted cells showed an increase
in membrane phosphorylation which coincides with the
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increase in ATP and 2,3 DPG but not with the decrease in
t^ for hemolysis.
Study of the Reconstitution Medium:
Importance of Inosine"
From the results of the previous experiments, pyru
vate in the reconstitution medium clearly inhibited the
PLA induced hemolysis.

Although pH, ATP, 2,3 DPG, and mem

brane phosphorylation do not seem to be directly involved
in this process, some other metabolic factor which is
stimulated by pyruvate must be involved.

Since the recon

stitution medium is quite complicated itself, an experiment
was done to try to isolate the constituent(s) of the medium
that is most important to the protection against PLA in
duced hemolysis.

Therefore, metabolite depleted cells were

incubated for one hour in reconstitution media which were
lacking one or more components; and PLA induced hemolysis
was measured.

The results are presented in Table 4.

The

results clearly show that pyruvate and inosine are the most
important constituents of the media.
Inhibitor Effects on Fresh and
Reconstituted Cells
In the search for the metabolic factors controlling
membrane structure, several inhibitors of glycolysis were
added to both fresh cells and to the reconstitution medium
for metabolite depleted cells.

The cells were first

45

Table 4: Study of the Reconstitution Medium3
Omitted from Reconstitution Medium

t^ (min)

Nothing (Complete media)

244

Pyruvate

144

Adenine

235

Inosine

43

Phosphate

300

Glucose

230

Glucose, Inosine

42

Inosine, Adenine

43

No reconstitution (depleted cells)

40

aMetabolite depleted cells (KS) were reconstituted
in reconstitution medium with added pyruvate where one or
more of the components had been left out. The PLA incu
bation-was carried out at pH 8.0 and 40 mM calcium.

j

incubated for 1 hour with the inhibitors iodoacetate and
sodium fluoride, washed, and then incubated with PLA. He
molysis was measured and the results are shown in Table 5.
In fresh cells, three points should be noi_ed.

First, iodo

acetate prevented the protection afforded by glucose addi
tion (no significant different at 95% confidence level).
Second, the addition of pyruvate to the medium had no pro
tective effect against PLA induced hemolysis (no signif
icant difference at 95% confidence level).

Third, NaF did

have a protective effect against PLA induced hemolysis
especially in conjunction with glucose (significant differ
ence at 95% confidence level).

In reconstituted cells,

the results show that iodoacetate did not completely abol
ish the protection against hemolysis (however, there was
no significant difference at 95% level) but that both pyru
vate and NaF when added to the reconstitution medium did
have a protective effect against PLA induced hemolysis
(significant difference at 95% level).
Inhibitor Effects at 1, 2, and 3 Hours
Because of the apparent incomplete blocking of
glycolysis by iodoacetate, incubations in the presence of
iodoacetate and NaF were carried out for a longer period
of time.

The results shown in Table 6 are the same as be

fore except that they show that iodoacetate completely
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Table 5:

Inhibitor Effects on Fresh and
Reconstituted Cellsa

Fresh Cells

t,(min)
*

Depleted Cells

t,(min)
*2

Fresh cells

96

depleted cells

87

+ IAA

93b

+ NaF

ts°•
00

+ IAA + Glu

93b

+ IAA

100b

+ recon. + Pyr
+ laa + NaF

147

+ recon. + Pyr
+ IAA

157b

107°

+ NaF

117°

+ Glu
+ Glu + Pyr

118c

+ recon.

167°

+ Glu + Pyr + NaF

141°

+ recon. + NaF

186c

+ Glu + NaF

186c

+ recon. + Pyr

195c

aFresh

or metabolite depleted cells (KS) were incu
bated for 1 hour in the presence of 10 mM glucose or the
reconstitution media with the addition of pyruvate, 5 mM
iodoacetate, or 5 mM NaF. The PLA incubation was carried
out at pH 8.0 and 40 mM calcium. Statistical analysis was
carried out as described in the Methods and are computed
from the results of 4 experiments using 3 donors (R.W.,
K.S., P.K.).
bNot

significantly different from fresh or depleted
cell tn at 957o confidence level.
cSignificantly

different from fresh or depleted
cell ti at 95% confidence leve*!.
IAA = iodoacetate; Glu = glucose; Pyr = pyruvate;
recon. = reconstitution medium

Table 6: Inhibitor Effects at 1, 2, and 3 Hours3

Fresh Cells

t^ (min)
1 hr
2 hr 3 hr

Depleted Cells

Fresh cells

88

86

80

depleted cells

+ IAA

79

76

75

+ Glu + IAA

81

78

+ NaF

98
104

+ NaF + Pyr
+ Glu

103

t^(min)
1 hr
2 hr

3 hr

89

138

200

+ recon.

148

125

132

81

+ recon. + NaF

161

139

139

102

96

+ recon. + Pyr

213

192

190

102

96

+ recon. + Pyr
+ NaF

246

197

186

+ recon. + Pyr
+ IAA

118

92

83

109

107

+ Glu + NaF

125

128

122

+ recon. + IAA

127

94

87

+ Glu + Pyr _ NaF

120

120

124

+ recon. + Pyr
+ Iaa + NaF

116

89

83

Fresh or metabolite depleted cells (KS) were incubated for 1, 2, or 3
hours in the presence of 10 mM glucose or the reconstitution medium with the addi
tion of pyruvate, 5 mM iodoacetate, or 5 mM NaF. The PLA incubation was carried
out at pH 8.0 and 40 mM calcium.
Glu = glucose; Pyr = pyruvate; IAA = iodoacetate; recon = reconstitution medium.

blocked glycolysis by 2 hours.

Also, metabolite depleted

cells when reincubated in solution P?

for 1, 2, or 3

hours seemed to have increased t, for hemolysis.

This

could be due to an increase in cell hemolysis that was ob
served during reincubation at 37°C.

Taken together, these

two experiments lend support to the idea that membrane
stability is under glycolytic control and the link between
the membrane and glycolysis may be located between the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) step which
is inhibited by iodoacetate (Madsen 1963, p. 136) and the
enolase step which is inhibited by sodium fluoride (Hewitt
and Nicholas 1963, p. 401).
Loss of PE Susceptibility to PLA
Hydrolysis During Reconstitution
As mentioned earlier, the PE of fresh cells is not
susceptible to PLA (Agkistrodon) hydrolysis but 30% to 45%
became susceptible after metabolite depletion of the cells.
Since reconstitution returned the metabolite levels to nor
mal or above normal levels and returned the t^ for hemoly
sis to greater than normal times, it was thought that PE
susceptibility might also be lost upon reconstitution of
depleted cells.

Metabolite depleted cells were reconsti

tuted with and without pyruvate for one to four hours and
the amount of phospholipid hydrolysis during PLA incubation
was measured at 20, 40, 60, and 90 minutes.

The results

are shown in Figure 3.

Hydrolysis is expressed as the

percent remaining of each class of phospholipid.

The re

sults show that the PE susceptibility to hydrolysis was
lost after only 1 hour of reconstitution.

The results also

indicate that PC susceptibility to hydrolysis was not af
fected by reconstitution.
Summary
It was shown that metabolite depleted cells can be
reconstituted and the ATP and 2,3 DPG returned to normal
fresh cell levels within 4 hours.

It was also shown that

this reconstitution, especially in the presence of pyruvate,
protected the cells against PLA induced hemolysis.

This

protection was greatest after 1 hour of reconstitution but
decreased with longer reconstitution times.

Conversely,

ATP, 2,3 DPG, and membrane bound phosphate increased with
longer reconstitution times and therefore did not correlate
directly with the observed results on

hemolysis.

However,

studies with the glycolytic inhibitors iodoacetate and NaF
showed that protection against PLA induced hemolysis was
somehow under glycolytic control.

The link between mem

brane stability and glycolysis is probably located between
the glyceraldehyde-3-phosphate dehydrogenase step and the
enolase step.

Also it was shown that the PE susceptibility

to PLA hydrolysis in metabolite depleted cells (about 4570
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Hydrolysis of Reconstituted Cells

Metabolite depleted cells (R.W.) were reconstituted
with or without pyruvate for 1 or 4 hours. PLA incubation
was carried out at pH 8.0 and 40 mM calcium. Hemolysis and
hydrolysis were measured at 20, 40, 60, and 90 minutes.
PL = phospholipid.

of the PE) was lost during the reconstitution.

Thus, re

constituted cells resemble the fresh cells in which PE is
not susceptible to PLA hydrolysis.

CHAPTER 5
RESULTS OF THE STUDIES ON MODEL SYSTEMS
FOR HYDROLYSIS AND HEMOLYSIS
In order to gain a better understanding of the
action of phospholipases on membranes, three model systems
were studied.

The first model system is the PLA hydroly

sis of ghost membranes. It was found that under certain
conditions resealed ghosts could be made such that they re
sembled the original cells in many ways. These ghosts were
then filled with ATP which is thought to be involved in
membrane structure maintenance, and hydrolysis patterns
determined.

These experiments provided further insight

into the changing susceptibility of PE in the erythrocyte
membrane to PLA hydrolysis.
Two model systems for hemolysis were also studied.
The first was a study of hemolysis induced by calcium,.
since it was once thought that calcium influx into the
cell during PLA incubation might be the primary cause of
hemolysis.

Experiments were carried out on fresh and meta

bolite depleted cells, at different pH's, on resealed
ghosts, and in the presence of a calcium ionophore and PLA.
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A second model system for hemolysis was the hemoly
sis caused by melittin.

It was thought that this small

polypeptide would induce hemolysis in a fashion similar to
PLA since it is also a basic peptide; thus, it could be
used to eliminate the role of calcium and phospholipid
hydrolysis in PLA induced hemolysis.

These experiments

tested the hypothesis that structure and charge are impor
tant for PLA induced hemolysis.

Experiments were carried

out on fresh and metabolite depleted cells, in the presence
of calcium, ionophore, PLA, and on resealed ghosts.
Hydrolysis Studies of PLA (Crotalus) on Ghosts
One criterion for the acceptance of resealed
ghosts as a good model system for hydrolysis was that they
must respond to phospholipase hydrolysis, whatever the
source of the PLA, in the same way as intact cells.

The

first test was to incubate the resealed ghosts with PLA
(Crotalus) which hydrolyzes open ghosts prepared according
to the method of Dodge et al. (1963) but not intact cells.
It was found that PLA (Crotalus) did not hydrolyze the phos
pholipid of the resealed ghosts.

According to this crite

rion, the resealed ghosts resembled intact cells.
An additional experiment was done in which resealed
ghosts were made from metabolite depleted cells.

It was

thought that the change in membrane structure shown for
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these cells might lead to an increased susceptibility to
PLA (Crotalus) hydrolysis in resealed ghosts derived from
these cells.

The results show that PC, PE, and PS each

underwent 207o hydrolysis which remained constant between 45
and 90 minutes of incubation.

Since hydrolysis did not in

crease between 45 and 90 minutes and PS as well as PC and
PE showed proportional amounts of hydrolysis, it is likely
that this hydrolysis represented ghosts that did not com
pletely reseal.

Therefore, the observation that PLA (Cro

talus) does not attack resealed ghosts is also valid for
metabolite depleted cells.

Thus, it seems that whatever

happens to the membrane during depletion is not reflected
in an altered susceptibility to PLA (Crotalus) attack.
Hydrolysis Studies of PLA (Agkistrodon)
on Ghosti"
A second test for the acceptance of resealed ghosts
as a good model system for hydrolysis was that they must be
susceptible to hydrolysis by PLA (Agkistrodon).

In this

experiment, resealed ghosts were made from metabolite de
pleted cells.

In one part of the experiment the ghosts

were filled during preparation With 5 mM ATP by the addi
tion of ATP to the medium during hemolysis and resealing.
The ghosts were then incubated with PLA (Agkistrodon) and
the hydrolysis measured at 45 and 90 minutes. The results
are shown in Figure 4.

The first important point to note

Hydrolysis of PC

M
H
CO
C

20

h—'
<

Without ATP
With ATP

90
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a

40

i—i

Hydrolysis of PE

a,
M
M
'-v
cc

o•
3.
•—1
<•

5H
o

Without ATP
With ATP

90
TIME (MIN)

Figure 4.

Hydrolysis of Resealed Ghosts

Resealed ghosts (R.W.) were filled with 5 mM ATP
and incubated at a 107o suspension with 20 yg/ml of PLA at
pH 8.0 and 40 mM calcium.
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is the fact that ATP had no effect on the hydrolysis pat
tern.

Secondly, there was 45% hydrolysis of PE, which was

also observed in metabolite depleted cells.

Thirdly, no

hydrolysis of PS took place, indicating that virtually all
of the ghosts had resealed properly.

Also, PLA induced

lysis of ghosts was measured but none was detected.
This experiment was also repeated using fresh cells
rather than metabolite depleted cells for the preparation
of the resealed ghosts.

Again, the ghosts were incubated

with PLA (Agkistrodon) and hydrolysis measured at 45 and
90 minutes. The results were exactly the same as before
including the 45% hydrolysis of PE. PE hydrolysis was not
expected, however, because the PE in fresh cells is not
susceptible to hydrolysis by PLA.

As judged by PE hydroly

sis, the process of hemolysis and resealing appears to al
ter the membrane structure in a manner similar to that
induced by metabolite depletion.
Calcium Hemolysis of Metabolite Depleted Cells
It has been observed (Martin et al. 1975) that the
ability of PLA (Agkistrodon) to induce hemolysis depends
on pH, calcium, and cell ATP.

In this series of experi

ments, calcium involvement in hemolysis was studied by us
ing calcium induced hemolysis as a model system.

Calcium

hemolysis was measured in metabolite depleted cells to

avoid any interference by ATP and the Ca+2 ATPase "pump."
Hemolysis curves are shown in Figure 5 for pH 7.4 and pH
8.0 over a 4 hour time period at calcium concentrations
from 0 to 40 mM.

This experiment shows that calcium he

molysis was faster at pH 8.0 than at pH 7.4 and was also
faster for metabolite depleted cells than for fresh cells
(fresh cells showed less than 10% hemolysis at 4 hours at
pH 8.0 and 40 mM calcium).

Also there appeared to be a

saturation effect of calcium at higher concentrations on
the induced hemolysis.
Calcium Hemolysis with Ionophore
From the previous observation that the rate of
calcium induced hemolysis appears independent of calcium
at high concentrations, it was thought that a membrane
permeability site for calcium might become saturated.
Therefore, calcium hemolysis measurements were repeated in
the presence of the calcium ionophore X-537A.

A plot of

the amount of hemolysis at various times versus calcium
concentration both with and without ionophore is shown in
Figure 6. The calcium hemolysis in the presence of iono
phore was much faster than without ionophore, suggesting
that the membrane permeability to calcium might be limit
ing the rate of hemolysis.

However, because the ionophore

59
pK 8.0

10'

60

120

180

TIMS (MIN)

>-

20

10

60

120

180

TIKE (MIN)

Figure 5.

Calcium Hemolysis of Metabolite Depleted Cells

Metabolite depleted cells (R.W.) were incubated at
a 107o cell suspension at pH 8.0 or 7.4 with calcivrm concen
trations of 0 mM (A), 6 mM (B), 10 mM (C), 20 mM (D), 30 mM
(E), and 40 mM (F).

60
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At 90 min
With lono
.60

At 45 min
With lono
At 180 min
Without lono
20
At 90 min
Without lono
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40

CALCIUM ( mM )

Figure 6.

Calcium Hemolysis with and without Ionophore

Metabolite depleted cells (K.S.) were incubated at
a 10% cell suspension at pH 8.0 with/without 10 yg/ml of
X-537A at calcium concentrations from 0 to 40 mM.
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also transports monovalent ions, the increased rate of
hemolysis may also be due to an osmotic mechanism.
This lack of membrane permeability towards calcium
might also account for the difference in rates of calcium
hemolysis at pH 8.0 and pH 7.4.

Therefore, calcium hemoly

sis was determined at both pH's with ionophore present.
The results in Figure 7 show that the rates of hemolysis
at either pH were the same, which supports the contention
that lack of membrane perineability to calcium accounts for
the slower hemolysis rate at pH 7.4.
Hemolysis of Cells and Lysis of Ghosts
with Calcium, Ionophore, and PLA
A result reported earlier in this chapter stated
that resealed ghosts incubated with PLA (Agkistrodon) did
not undergo lysis.

This has been studied in more detail.

Both resealed ghosts from metabolite depleted cells and
the metabolite depleted cells themselves were tested for
calcium induced lysis, calcium lysis with ionophore, and
PLA (Agkistrodon) induced lysis at calcium concentrations
of 10 mM and 40 mM.

The lysis time courses are plotted

in Figure 8. The results again show that ionophore poten
tiates the calcium induced hemolysis of the erythrocytes
as was described in the preceding section.

Also the iono

phore appeared to potentiate the PLA (Agkistrodon) induced
hemolysis of the erythrocytes.

In the resealed ghosts, no

100
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lONOPHORE

f—i

40

pH 8.0
WITHOUT
lONOPHORE

20
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Figure 7.

120
TIME (MIN)

180

Calcium Hemolysis at Different pH:
Ionophore

Effect of

Metabolite depleted cells (K.S.) were incubated at
a 10% cell suspension at pH 8.0 and 7.4 at 40 mM calcium
both with and without 10 yg/ml of X-537A.
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Hemolysis of Cells and Lysis of Ghosts with
Ionophore and PLA

Metabolite depleted cells (K.S.) and resealed ghosts
were incubated at 10% suspensions with combinations of cal
cium (10 or 40 mM), 10 yg/ml of X-537A, and 20 yg/ml of
PLA. A = calcium; B = calcium + ionophore; C = calcium
+ PLA; D = calcium + ionophore + P1A.
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lysis could be shown for either calcium or PLA (Agkistrodon).

When the ionophore was added to the incubation mix

ture, there was still no calcium induced lysis; but when
it was added to the PLA incubation, the ghosts lysed in a
manner similar to the erythrocytes.
One possible explanation for these results is that
calcium must reach some critical site at the membrane for
hemolysis to take place.

During the ghost

preparation,

however, the membrane might be changed such that the cal
cium site is blocked or altered.

Incubation with calcium

and ionohpore, then, would not produce lysis.

Furthermore,

the results suggest that PLA hydrolysis may unblock the
site by changing the membrane structure but not alter the
lack of membrane permeability to calcium; thus, incubation
with PLA and calcium produces no lysis.

However, with cal

cium, PLA, and ionophore present, the lysis site is un
blocked; calcium permeability is increased by the ionophore;
and lysis takes place.

n

Calcium Uptake in Ghosts
One means of testing the preceding hypothesis is to
measure the calcium uptake in the ghosts, especially those
incubated with calcium and PLA, as the theory predicts that
there should be no uptake under these conditions.
sults shown in Figure 9 do not confirm this.

The re

Instead these
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Figure 9.

Calcium Uptake in Ghosts

Resealed ghosts (K.S.) were incubated at pH 8.0 at
20% suspension with combinations of 40 mM calcium, 10 yg/ml
of X-537A, and 20 lag/ml of PLA. A = Ionophore + PLA;
B = Calcium; C = PLA; D = Ionophore; E = "L lysis with Iono
phore + PLA; F = % lysis with either Ionophore or PLA alone;
G = % lysis with calcium alone.
*PKED = packed
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data show the ghosts to be quite leaky to calcium under
all conditions.

This points up the fact that the lysis

mechanism is much more complex than anticipated and may
not even be the same for ghosts and intact cells.

Hence,

extreme caution must be used in drawing comparisons between
ghost membranes and cells.
Melittin Hemolysis of Fresh and
Metabolite Depleted Cells
The following series of experiments examines a
second model system for hemolysis.

Melittin, a small poly

peptide from bee venom, has been shown to hemolyze eryth
rocytes (Habermann 1972) but does not require calcium nor
does it have any phospholipid hydrolysis activity.

Melit

tin is of interest because it provides a model for PLA
hemolysis which would not involve hydrolysis of membrane
phospholipid or calcium dependence.

Structurally, melittin

has been shown to have a segment of basic amino acids as
well as a long sequence of hydrophobic residues among its
26 amino acids.

It is possible that structural similar

ities exist between melittin and PLA which enable these
proteins to interact with the hemolysis mechanism.

If

such similarities are important, then hemolysis by melit
tin might resemble PLA induced hemolysis under the same
conditions.
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Thus, the melittin concentration dependence for
hemolysis was determined for both metabolite depleted cells
and fresh cells.

The results, shown in Figure 10, indi

cate a rapid initial hemolysis which is dependent on melit
tin concentration.

It should be noted that the hemolysis

time course appears very different from that of the PLA
(Agkistrodon)(Figure 2).
Potentiation of Melittin Hemolysis
with Calcium and Ionophore
Melittin induced hemolysis was also determined for
metabolite depleted cells in the presence of calcium and
ionophore to determine if there was any potentiation of
hemolysis.

As shown in Figure 11, there is an increase in

the initial amount of hemolysis when either calcium or
calcium plus ionophore was added to the melittin incuba
tion.

Aside from this initial increase, the overall he

molysis curves resembled a sum of melittin hemolysis curves
and calcium plus ionophore hemolysis curves, indicating
that two independent hemolysis events may be occurring
under these conditions.

The increase in the initial amount

of hemolysis, however, argues that potentiation of melittin
induced hemolysis by calcium and ionophore may take place
to some degree.
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q=FRESH CEILS
X=METABOLITE DEVIETED
CEILS

TIME (MIN)

Figure 10.

Melittin Hemolysis of Fresh and Depleted
Cells

Fresh or metabolite depleted cells (K.S.) were in
cubated at a 10% suspension at pH 8.0 with 0 to 30 yg/ml
of melittin. A = 0 yg/ml, B = 5 yg/ml, C = 10 yg/ml,
D = 20 yg/ml, and E = 30 yg/ml of melittin.
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Melittin Hemolysis of Metabolite Depleted
Cells: Effects of Calcium and Ionophore

Metabolite depleted cells (K.S.) were incubated at
a 10% suspension at pH 8.0 with 20 yg/ml of melittin,
10 yg/ml of X-537A, and 10 mM calcium. A = Melittin;
B = Melittin + Calcium; C = Melittin + Calcium + Ionophore;
and D = Calcium 4- Ionophore.
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Melittin Lysis of Ghosts
To further compare the hemolytic action of melittin
with that of PLA (Agkistrodon), melittin was added to an
incubation of resealed ghosts and lysis measured.

Also

calcium and ionophore were added to some incubations for
comparison.

The results are shown in Figure 12.

It should

be noted that melittin by itself causes lysis in resealed
ghosts which is contrary to PLA (Agkistrodon) action.

The

lysis by melittin (20 yg/ml) with calcium plus ionophore
added to the incubation closely resembles the curve for
PLA plus ionophore.- However, the results also show that
this effect was completely swamped out at higher melittin
concentrations.
Summary
The results of these studies on the three model
systems for PLA action showed that resealed ghosts could
be made such that they resembled intact cells with respect
to their susceptibilities to enzymatic attack by differ
ent phospholipases.

However, changes in the membrane do

take place duriivg resealed ghost preparation as evidenced
by the 457o PE susceptibility to PLA hydrolysis in ghosts
prepared from fresh cells which show no PE susceptibility
to PLA hydrolysis.

It was also shown that filling the re

sealed ghosts with ATP made no difference in the
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Melittin Lysis of Ghosts

Resealed ghosts (K.S.) were incubated at a 10% suspension at pH 8.0 with 20
or 40 yg/ml of melittin, 10 mM calcium, 10 yg/ml of X-537A, and 20 yg/ml of PLA.
A = Calcium + Ionophore; B = Melittin; C = Melittin + Calcium + Ionophore; D = PLA
+ Calcium + Ionophore; and E = Melittin + Calcium.

phospholipid hydrolysis patterns, thus adding more evidence
to the proposal of the preceding chapter that ATP levels
were not of primary importance to the control of membrane
structure or stability.
In the second model, calcium was shown to induce
hemolysis of erythrocytes while the membrane permeability
to calcium seemed to control the rate of this induced he
molysis.

When the calcium ionophore was added, calcium

induced hemolysis proceeded at a much faster rate.

Also

metabolite depleted cells hemolyzed more rapidly than
fresh cells in the presence of calcium, indicating that
metabolite levels are important to the calcium induced
hemolysis.
sults.

This is similar to the PLA (Agkistrodon) re

On the other hand, resealed ghosts showed no, sus

ceptibility to either calcium or PLA induced lysis.

The

resealed ghosts were also shown to be very leaky to cal
cium, which shows that they do not really resemble intact
cells and caution should be used in drawing inferences
from these results.
In the third model, melittin was shown to induce
hemolysis in cells as well as lysis in resealed ghosts.
In these experiments, hemolysis was similar for fresh
cells and metabolite depleted cells, showing that metabol
ic energy levels are not important to this type of induced
hemolysis.

Also, the hemolysis curves do not resemble
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those for calcium or PLA (Agkistrodon) induced hemolysis,
indicating that the hemolytic actions of PLA and melittin
are different.

The lysis of resealed ghosts by melittin

and not by PLA also shows that the lytic actions of the
two are different.

Again, this series of experiments

points out that caution must be used in drawing compari
sons between ghosts and intact cells.

CHAPTER 6
RESULTS OF THE MEASUREMENT OF
ION INFLUX AND EFFLUX
In order to further characterize the action of PLA
(Agkistrodon) on erythrocytes, the loss of Na+, K+, and
+2

Mg

by cells incubated with PLA was measured. In pre

liminary experiments, a variety of washing and incubation
procedures that were free of the ions in question were
tried.

It was found that by washing in LiCl and incubat

ing with PLA in the presence of histidine:imidazole

buf

fer (0.2 M histidine titrated to pH 8..0 with 0.2 M imida
zole) and LiCl, the cells showed no differences in
hemolysis times from cells washed and incubated in the
usual NaCl and HEPES buffer.

+

The K

+?

and Mg

losses were

also measured in the presence of glucose, which affords
protection against PLA induced hemolysis.

Also, the ef

fect of ouabain, an inhibitor of the Na+-K+ ATPase "pump",
was measured.

Calcium uptake during the PLA incubation

was also measured.
During these investigations, it was noted that
cells washed and incubated in MgC^ showed a much delayed
PLA induced hemolysis.

This might represent a competition

between Mg+2 and Ca+2 for a hemolysis site, or possibly,
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an alteration of the membrane structure by Mg+2 such that
PLA will no longer attack the membrane.

Therefore, both

hydrolysis and hemolysis were studied in the presence of
MgCl2.

+2

Another possibility, namely that Mg

was having

an effect on the enzyme itself was also studied by measur+2

ing the effect of Mg

on the hydrolysis of dihexanoyl-

phosphatidylcholine (DiCgPC), a monomeric substrate.
Loss of Na~*~, K+, and Mg+^
The loss of Na+ and K+ was measured during incu
bation of fresh cells with PLA (Agkistrodon) and the re
sults indicated a prelytic loss of K+ while Na+ loss
appeared to be continuous, increasing only with hemolysis.
K•4* and Mg+2 losses were also measured in the presence and
absence of glucose.

As can be seen in Figure 13, there
+2

was no prelytic loss of intracellular Mg

; and glucose

was shown to prevent any prelytic loss of K+ as well.
Ouabain Effect on Hemolysis
Ouabain, an inhibitor of the Na+-K+ ATPase, was
also added to the incubation.

Since a prelytic loss of

K+ was observed, blocking of the Na+-K+ pump by ouabain
might influence the hemolysis pattern.

No differences in

hemolysis curves were observed for cells in the presence
of ouabain, however.
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Figure 13.

Loss of K+ and

Fresh Cells (M.L.) were incubated with PLA at a
10% suspension at pH 8.0 and 10 mM calcium both with and
without 5 mM glucose. A = with PLA but without glucose;
B = without PLA and without glucose; C = with PLA and with
glucose; and D = % Hemolysis (X 10-1) with PLA but without
glucose. No significant hemolysis was observed for the
other cases. These results have been published in Martin
et al. (1975).
*PKED = packed.
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Calcium Uptake
Calcium uptake was measured in cells washed with
either NaCl or MgC^ and incubated with PLA in the pres
ence of NaCl or MgC^. The results are presented in
Figure 14.

During the first hour, the cells take up about

0.5 ymoles

of Ca

+2

.

Prior to hemolysis, however, the

cells incubated in the presence of NaCl began to take up
+2

large amounts of Ca

while those incubated in the pres-

ence of MgCl£ show only a very slow uptake of Ca+2
+2

Effect of Mg

on Hemolysis

From the preceding experiments, it appeared that
Mg+2 was inhibiting the attack of PLA on the membrane.

It

was thought that perhaps the MgC^ washing of the cells
was changing the membrane structure, thus inhibiting the
PLA attack.
+

Therefore, cells were washed in varying ra+2

tios of Na /Mg

and the PLA incubation was also carried

out at various Na+/Mg+2 ratios.

Hemolysis was measured
+2

and t^ for hemolysis was plotted against Mg
tion as shown in Figure 15.

concentra

As the plots are almost super-

imposable, it can be concluded that the. washing medium has
no effect on hemolysis and that the inhibition of hemolysis
is linearly proportional to the amount of Mg+2 in the in
cubation.
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Calcium Uptake in Fresh Cells

Fresh cells (R.W.) were incubated with PLA at a
10% suspension in ether isotonic NaCl or MgC^ at a pH
8.0 and 10 mM calcium.
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Effect of Mg
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on Hemolysis

After washing with various ratios of NaCl to MgC^,
fresh cells (T.A.) were incubated with PLA at a 10% sus
pension (pH 8.0 and 40 mM calcium) containing various con
centrations of MgC^.
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Effect of Mg+^ on Hydrolysis
The effect of Mg+2 on PLA hydrolysis was also
examined.

Cells were incubated in the presence of 43 mM

MgCl2 with PLA (Agkistrodon) anJ hydrolysis of the phos
pholipid measured.

After 200 minutes of incubation, 39%

of the PC was hydrolyzed while the PE and PS showed no
hydrolysis.

+2

Without Mg

, the same amount of PC hydroly

sis required only 20 minutes of incubation.

Therefore,

the hydrolysis was inhibited by Mg+2 ; however, the' question remained as to whether the action of Mg+2 is on the
nlembrane or on the phospholipase itself.
Studies on DiC^PC Hydrolysis
The effect of Mg+2 on the phospholipase itself was
tested by measuring the hydrolysis of a monomeric substrate
by the PLA tinder various Mg+2 concentrations.

First, how-

ever, the Ca+2 and DiCgPC dependences were studied to obtain the optimal assay conditions.

Ca+2 was found to

saturate at 0.25 mM and DiC^PC at 2 mM.

The ionic strength

dependence was also determined and the K^a was found to be
indepenedent of ionic strength in the range of 65 to 155
mM.

+2

The competition between Mg
+2

at 1.2 mM and 12 mM Mg

was determined

concentrations.

The results are

+2

expressed as 1/v vs 1/Ca

+2

and Ca

in Figure 16.

These results

/

show that Mg+2 is a competitive inhibitor of the
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Figure 16.

Competition between Mg+2 and Ca-4-9 :
+2

+2

Hydrolysis of Monomeric Substrate

The competition between Mg
and Ca
was determined under the following
conditions: pH 8.0, 2 mM DiCgPC, 0.5 to 1.0 yg/ml of PLA, 1.2 or 12.0 mM MgC2,
0.1 to 1.0 mM CaCl2, and 108 to 148 mM NaCl at 37°C.

hydrolysis reaction.

In view of this, the inhibition of

PLA hydrolysis and hemolysis of erythrocytes by Mg+2 can
now be explained by assuming that the same competition be+2

tween Mg

+2

and Ca

at the enzyme exists in the erythro

cyte incubations.
Summary
A prelytic loss of K+ and a rapid uptake of cal
cium prior to hemolysis have been shown to occur during
PLA (Agkistrodon) action on eyrthrocytes.

Also, Mg+2 was

found to inhibit hemolysis and hydrolysis of the erythro
cytes by PLA.

Studies with the monomeric substrate,

DiCgPC, have shown that this is most likely due to a competition between Mg+2 and Ca+2 on the phospholipase rather
+2

than a membrane structural change due to the Mg

CHAPTER 7
DISCUSSION
The purpose of this research was to study the
relationship between the cell ATP levels and the control
of the erythrocyte membrane structure and stability.

The

results of the experiments presented in the preceding chap
ters show that ATP levels do not correlate directly with
the ability of the erythrocyte to resist hemolysis induced
by phospholipase A2 and indirect evidence from resealed
ghosts and reconstituted cells indicate that total levels
of ATP are probably not directly involved in the determina
tion of membrane structure. In an attempt to determine
what factors may control the membrane structure and stabil
ity, 2,3 DPG, intracellular pH, and membrane phosphoryla
tion were measured but found not to correlate with the
resistance to PLA induced hemolysis.

However, studies

with the inhibitors iodoacetate and sodium fluoride sug
gested that glycolytic metabolism was somehow involved in
the control of the membrane stability.
The investigation of the structural dependence was
carried out by measuring the difference in amounts and
classes of membrane phospholipids hydrolyzed by the
83
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phospholipase A2 (Agkistrodon) under conditions where the
internal metabolite levels of the erythrocytes had been
modified.

The results of these hydrolysis experiments

showed that 60 to 70% of the membrane PC was hydrolyzed
by the PLA (without hemolysis taking place) in fresh cells,
metabolite depleted cells, and in metabolite depleted
cells where the metabolite levels were reconstituted by
incubation of the cells in a medium containing glucose,
adenine, inosine, phosphate, and pyruvate. PS, on the
other hand, was not hydrolyzed by the PLA so long as there
was no hemolysis of the cells.

These data support the

asymmetric model of the membrane where PC is predominantly
on the outer surface and PS is on the inner surface of the
membrane bilayer.

The data for PE hydrolysis are not so

easily interpreted, however.
olite

It was shown that when metab

levels were depleted, 45% of the membrane PE became

susceptible to PLA hydrolysis, whereas in fresh cells or
depleted cells in which the metabolites had been reconsti
tuted there was no PE susceptibility to hydrolysis.
To interpret these results on the changing PE sus
ceptibility, one must consider that the phospholipase can
only hydrolyze those residues which are accessible on the
surface of the membrane.

Therefore, the interpretation of

the PE results must depend on whether the accessibility is
determined by an asymmetric distribution of phospholipids
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in the bilayer or by a "shielding" of the phospholipid on
the membrane surface.
If the accessibility is determined only by an
asymmetric distribution of phospholipid, then the changing
PE susceptibility would be interpreted as a flip-flop of
PE from the cytoplasmic surface to the exterior surface
of the membrane (Haest and Deuticke 1976).

Their argument

was based on the susceptibility of PE and PS to hydrolysis
by pancreatic PLA in cells that had been incubated with
tetrathionate or other sulfhydryl oxidizing reagents.

In

cells pretreated with tetrathionate, the pancreatic PLA
hydrolyzed 28% of the PC, 31% of the PE, and 29% of the PS
whereas fresh cells show no susceptibility to pancreatic
PLA attack.

They interpreted this to mean that a flip-

flop of PE and PS was induced by treatment with tetra
thionate.

Further support comes from various reports that

discuss a translocation process by which PC can migrate
between the inner and the outer layer of the membrane bi
layer (Renooij et al. 1976; Reed 1968; Bloj and Zilversmit
1976). Renooij and Van Golde (1976) used PLA (Naja naja)
to show that radioactive labeled PC on the outer surface of
the membrane became less susceptible to PLA hydrolysis
after incubation at temperatures greater than 20° C and in
terpreted this to mean that a flip-flop of PC was taking
place which was temperature dependent.

Therefore, if one
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can envision a translocation of PC across the bilayer why
not PE or PS as well?

Haest and Deuticke (1976) suggested

that this flip-flop could be mediated by changes in mem
brane protein conformation and controlled by sulfhydryl
groups.
In general, the objectives to a nonspecific flipflop of phospholipid from one side of the lipid bilayer to
the other rest on thermodynamic arguments.

To transfer

the phospholipid across the bilayer, the polar head group
of the phospholipid would have to move through the hydro
phobic core which would entail large changes in free en
ergy.

Thus, it would be expected that such flip-flop

would be an unfavorable process which might be slow due to
a large activation energy.

Slow rates of flip-flop have

been shown by Romberg and McConnell (1971) using spin
labeled phospholipids in synthetic bilayer vesicles.

How

ever , the results presented in this dissertation show that
45% of the PE (or 11% of the total phospholipid) loses
its susceptibility to PLA hydrolysis in less than 1 hour
of reconstitution.

Also, only the PE is changing suscep

tibility; no changes were found in the PC or PS suscepti
bility to hydrolysis, which would discount the possibility
that any sort of random flip-flop such as that described
above is taking place.
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In the experiments of Haest and Deuitcke (1976),
it is questionable whether their results indicate a gen
eral phenomenon such as flip-flop or merely represent an
isolated situation which is peculiar to pancreatic PLA and
tetrathionate treatment.

In the same paper, PLA (Naja

na.ja) was shown not to hydrolyze PS in tetrathionate pretreated cells; pancreatic PLA was shown not to hydrolyze
metabolite depleted cells; and the amounts and classes of
phospholipid hydrolyzed are different for pancreatic PLA
and PLA (Na.ja na.ja).

These additional results show that

the effect of pancreatic PLA and tetrathionate seem to be
an isolated observation.
A second interpretation of the changing PE sus
ceptibility is that the PE is on the outer surface of the
bilayer but is shielded from the phospholipase.

One means

of shielding the PE would be through a protein-lipid inter
action (Gazitt} Ohad and Loyter 1976).

This could occur by

a steric hindrance where the phospholipase is physically pre
vented from reaching the PE by a membrane protein. A second
means of shielding could occur by an interaction between the
PE and protein which changes the phospholipid environment
such as the surface pressure in the area directly surround
ing the protein.

This change in surface pressure, for in

stance, could prohibit the phospholipase attack on the
PE (Demel et al. 1975).

It is also possible that changing
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the ionic charge on the phospholipid may influence the PLA
action as Godin and Garnett (1976) have shown for the mem
brane probe TNBS.
Support for the shielding interpretation comes
from experiments by Haest and Deuticke (1975) in which TNBS
was found to maximally label 35% of the PE in fresh eryth
rocytes, indicating that PE may reside in the outer sur
face.

Also, studies on the hydrolysis of resealed ghosts

made from fresh erythrocytes were reported in this disser
tation (Figure 4) and showed that 45% of the PE was exposed
to PLA hydrolysis without affecting the 60% PC hydrolysis
or the lack of PS hydrolysis.
Many mechanisms for the control of PE susceptibil
ity could be proposed.

One very attractive mechanism was

proposed by Elgsaeter, Shotton and Branton (1976), who
suggested that increasing the intracellular calcium con
centration caused a contraction in the spectrin network and
an aggregation of intramembrane proteins.

Since the lipid

bilayer is fluid, a compression of the membrane arising
from the protein aggregation would cause the phospholipid
molecules to be squeezed out of the surface into proteinfree lipid "blebs."

This is depicted in Figure 17.

If

these blebs contained the PE residues in question, then
they would be expected to show increased accessibility to
the PLA.

Support for this proposal comes from Elgsaeter
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Erythrocyte Membrane
Phospholipid
Membrane
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Spectrin
+ Calcium

Blebs
Additional
PLA Attack

Figure 17.

Spectrin Aggregation: Formation of Blebs

et al. (1976), Carraway, Triplett and Anderson (1975), and
Kirkpatrick (1976),who showed that in ghosts exposed to
+2

conditions which precipitate spectrin (Ca

> 5 mM, low pH,

polylysine, or protamine sulfate) membrane particle aggre
gation occurred and extensive vesiculation was observed
with the vesicles appearing to be attached to the outer
surface of the ghosts.

Weidekamm et al. (1977) have iso

lated these vesicles and have shown them to be high in
phospholipid and low in protein.

There is also evidence

for direct spectrin-lipid interaction as demonstrated by
Juliano, Kimelberg and Papahadjopoulos (1971).
On this basis, membrane PC hydrolysis by the PLA
could lead to an altered membrane permeability to calcium.
In metabolite depleted cells, the intracellular calcium
levels would increase causing a contraction of the spectrin
network and lipid blebs to form.

The lipid blebs would

then be accessible to further PLA hydrolysis.

In fresh or

metabolite reconstituted cells the calcium would remain
+2

low due to the activity of the Ca

ATPase "pump".

A second possible mechanism for shielding is that
calcium could interact directly with the membrane itself.
It is possible that the increased intracellular calcium
levels would cause the formation of a calcium-phosphatidylserine complex which could, in turn, cause a lipid phase
separation to occur in the membrane (Ohnishi and Ito 1974;
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Jacobson and Papahadjopoulos 1975), which could then lead
to an increased PE susceptibility to PLA hydrolysis (Op
Den Kamp, De Gier and Van Deenen 1974).

Also, there might

be potential effects of the calcium on the ionic inter
actions between lipid and lipid, protein and protein, and
lipid and protein, which could lead to phase transitions
in the membrane.
By using cells whose metabolite levels were recon
stituted, a further understanding of the relationship be
tween metabolism and the control of membrane structure and
stability was gained.

Pyruvate and inosine were shown to

be the two constituents of the reconstitution medium which
protected the cells against PLA induced hemolysis.

The

most plausible metabolic pathway (Duhm 1974) by which these
two substrates stimluate metabolism is shown in Figure 18.
Inosine passes through the membrane where it is cleaved by
nucleoside phosphorylase to form ribose-l-phosphate and
hypoxanthine.

The ribose-l-phosphate is then converted to

a 5-phosphate and enters the pentose phosphate pathway
where glyceraldehyde-3-phosphate is produced.
Glyceraldehyde-3-phosphate then enters the glycolytic path
way at the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
step.

In this way, the hexokinase and phosphofructokinase

steps of glycolysis, which require ATP as a cofactor, are
bypassed.

This bypass is necessary as no ATP is present

Inosine

^Inosine
1I
^ Kypoxanthine
Ribose-l-P
2J

Ribose-5-P
4

Pentose Phosphate
Pathway
NAD \

Glyceraldehyde-3-f

NADH

1,3 DPG
IL

,3 DPG
3-P lo^phoglycerate
7
2-p:
'hospho'elycerate
8i

ADP\ Phosphoenolpyruvate
i^nosi:
Pyruvate

ATP * _ 9 I
>Pyruvate
NADH,
1°

NADi+K
Lactate
Figure 18.

Pathway for Metabolite Reconstitution

1) Nucleoside phosphorylase
2) Ribose-l-P rautase
3) GAPDH
4-) Phosphoglycerate kinase
5) Diphosphogrlycerate mutase
6) Diphosphoglycerate phosphatase
7) Monophosphoelycerate mutase
8) Enolase
9) Pyruvate kinase
10) Lactate dehydrogenase
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in metabolite depleted cells (less than 1% of normal
levels).

This accounts for the fact that glucose in the

reconstitution medium had little protective effect against
PLA induced hemolysis.

Pyruvate in the reconstitution

medium enters metabolism at the lactate dehydrogenase step
where nicotinamide adenine dinucleotide becomes oxidized
(NAD+) and lactate is produced.

The NAD+ serves as a co-

factor at the GAPDH step to stimulate glycolysis (Lehninger
1970, p. 322).
One effect of reconstitution of metabolite depleted
cells with pyruvate and inosine is the elevation of 2,3 DPG
levels (Deuticke et al. 1971).

As shown in Figure 18, the

2,3 DPG arises from 1,3 DPG and accumulates due to its
limited rate of hydrolysis by 2,3 DPG phosphatase (Rose
and Liebowitz 1970).

Also this accumulation of 2,3 DPG

along with a general increase in metabolism results in a
decrease in intracellular pH caused by an increase in
organic phosphates (Deuticke et al. 1971).

The results

presented in Table 3 confirm the increase in 2,3 DPG levels
as well as the decrease in intracellular pH during recon
stitution.
By using the glycolytic inhibitors, iodoacetate
and sodium fluoride, it was determined that the portion of
glycolysis most likely responsible for control of the mem
brane stability was between the GAPDH and the enolase
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steps.

Iodoacetate has been reported (Madsen 1963, p. 136)

to inhibit the GAPDH and sodium fluoride has been reported
to inhibit enolase (Hewitt and. Nicholas 1963, p. 401).

Al

though these inhibitors may affect sites not involved in
gylcolysis, studies with the inhibitors alone (no reconstitution) showed no changes in hemolysis times.

When iodo

acetate was added during reconstitution, one would expect
a buildup of metabolites above the GAPDH step (Lehninger
1970, p. 317).

Since no protection against PLA induced

hemolysis was observed, it was concluded that none of the
metabolites above the GAPDH step was involved in the pro
tection.
When sodium fluoride was added to the reconstitu
tion medium which lacked pyruvate, an increase in protec
tion was observed.

One would expect to see no increase in

protection, however, because the glycolytic pathway is
blocked above teh lactate dehydrogenase step which supplies
the NAD+ for the GAPDH reaction.

Possible explanations for

this could be, that sodium fluoride may not completely in
hibit the enolase and some NAD+ is still being formed or
that there may be some other means by which NAD+ is formed:
for example through glutathione reductase (Waller 1968, p.
185); through catalase activation (Eaton and Brewer 1974,
p. 450); or through NADH-dependent methemoglobin reduction
(Hsieh and Jaffe 1974, p. 799).

However, the exact

physiological roles of these reductases in metabolite de
pleted cells and during reconstitution are still unknown.
When pyruvate was added to the reconstitution me
dium, sodium fluoride protection against PLA induced he
molysis was maximal (t, = 246 minutes versus 213 minutes
for reconstitution plus pyruvate with no fluoride, or 161
minutes for reconstitution without pyruvate but with fluo
ride). The interpretation of these results is that there
is a buildup of metabolites above the fluoride inhibited
enolase step (Lehninger 1970, p. 317) which in some way
affords protection against hemolysis.

Fluoride also in

hibits the Na+-K+ ATPase (Hoffman 1962) but since NaF by
itself had no effect on the PLA induced hemolysis this in
hibition was discounted.
The hemolysis experiments done using fresh cells
incubated with iodoacetate and sodixim fluoride rather than
reconstituted cells show the same results. Iodoacetate
abolished the protection against hemolysis afforded by the
presence of glucose in the preincubation.

Sodixim fluoride

by itself showed some protection, but maximal protection
was found with both fluoride and glucose.

Addition of

pyruvate showed no increase in protection against PLA in
duced hemolysis for any of the fresh cell incubations.
Therefore, the conclusion from the use of the inhibitors,
iodoacetate and sodium fluoride, is that a metabolite (or

metabolites) which is formed between the GAPDH and enolase
steps determines the protection against PLA induced hemoly
sis.
The enzymes involved in the steps between GAPDH
and enolase are phosphoglycerate kinase, diphosphoglycerate
mutase, diphosphoglycerate phosphatase, and monophosphoglycerate mutase.

Since 2,3 DPG levels do not correlate

with the protection against hemolysis, it is doubtful that
diphosphoglycerate mutase and diphosphoglycerate phospha
tase play important roles in the protection mechanism.
Although phosphoglycerate kinase and monophosphoglycerate
mutase have not been shown to bind to the membrane, Parker
and Hoffman (1967) and Proverbio and Hoffman (1974) have
suggested that active transport is linked to phosphoglycer
ate kinase by a "compartmentalized pool" of ATP.

The role

of phopshoglycerate kinase in cation transport has also
been suggested by Segel et al. (1975) and Schrier et al.
(1975); and Elford and Solomon (1974) have implicated the
enzyme in dog erythrocyte cation transport.
Furthermore, Fossel and Solomon (1977) have shown
that monophosphoglycerate mutase forms a soluble complex
with phosphoglycerate kinase and that this two-enzyme complex can interact with the Na+-K+ ATPase at the inside
surface of the erythrocyte membrane.

Since there is no

evidence for a binding site for either phosphogylcerate
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kinase or monophosphglycerate mutase, Fossel and Solomon
postulated that GAPDH, which does have a high affinity mem
brane binding site (McDaniel, Kirtley and Tanner 1974), may
serve as the link through which the kinase can interact
with the membrane.

They showed that all three enzymes can

form a complex in solution and that this complex interacts
with the membrane Na+-K+ ATPase. The binding of this com
plex to the membrane would be controlled by the intracel
lular levels of ATP (Kant and Steck 1973), which influence
the amount of GAPEH which binds to the membrane.

When ATP

levels are high, little GAPDH binds to the membrane thus
the binding of the complex to the membrane does not take
place.

However, when the ATP levels are lowered more bind

ing takes place.

Fossel and Solomon (1977) also presented

evidence that such interactions may occur in vivo.

They

showed that ouabain, an inhibitor of Na+-K+ ATPase, caused
a significant shift in the 31P nuclear magnetic resonances
of cellular 2,3 DPG, a cofactor in the monophosphoglycerate
mutase reaction, only under conditions where the cell ATP
levels had been lowered.
One possible mechanism for PLA induced hemolysis
is discussed below.

This mechanism attempts to account for

the protection by glycolytic metabolism against PLA induced
hemolysis, the increase in intracellular calcium during PLA
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incubation, the prelytic loss of K+, and the relationship
between this model and other suggested models.
In the first step, PLA hydrolyzes the PC in the
+2

outer membrane surface causing an increase in the Ca
ATPase activity or "pump", which expels

calcium from the

cell at the expense of a small "compartmentalized pool"
of ATP. This "compartmentalized pool" would not necessar
ily have to be physically separated from the remaining ATP
by some separate compartment but would be functionally in
dependent of the overall ATP levels.

This "pool" could

be distinguished by rates of synthesis and hydrolysis which
are different from the overall rates. This "compartmental
ized pool" of ATP would be maintained by the membrane
bound complex of phosphoglycerate kinase in conjunction
with GAPDH and monophosphoglycerate mutase.
Therefore, in the experiments presented in this
dissertation three hemolytic situations exist.
the PA induced hemolysis of fresh cells.

First is

During the PLA

incubation, the "compartmentalized" ATP levels drop due to
the increased calcium pump activity caused by the influx
of calcium.

Since the overall level of ATP remains high,

the three-enzyme complex does not bind to the membrane so
no "compartmentalized" ATP is regenerated, and the amount
of intracellular calcium increases.

Second is the PLA

induced hemolysis of metabolite depleted cells.

f

Here both
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the "compartmentalized" ATP levels and the intracellular
levels of ATP are low.

The three-enzyme complex would be

.expected to bind the membrane under these conditions, but
since there is no substrate available, no ATP is generated
and the calcium rapidly builds up in the cells, which leads
to a rapid hemolysis.

The third case is the PLA induced

hemolysis of metabolite depleted cells where the metabolite
levels have been reconstituted.

Since the ATP levels were

low at the beginning of the reconstitution, binding of the
three-enzyme complex to the membrane would be expected. In
the presence of substrate (inosine), there would be an ini
tial rapid generation of "compartmentalized" ATP, leading
to a greater protection against hemolysis.

However, at

longer reconstitution times, the intracellular level of
ATP returns to normal and one would expect less binding of
the complex under these conditions and less generation of
"compartmentalized" ATP, leading to less protection against
hemolysis.
Each situation described above results in the up
take of calcium.

Increasing intracellular calcium has been

shown to induce the prelytic loss of K+ (Reed 1976) as well
as to cause changes in volume,

osmotic fragility, and

gross morphology of erythrocytes (Weed and Chailley 1972;
LaCelle et al. 1972).

It was also shown in previous sec

tions of this dissertation (Figures 5, 6) that calcium
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alone also induced hemolysis of erythrocytes.

However, the

mechanism of calcium induction of hemolysis has not been
proven.
Earlier in this discussion, several possible mech
anisms for the changing of membrane structvire by increased
intracellular calcium levels were discussed.

Since cal

cium seems to be involved in hemolysis, these mechanisms
may also be applicable to an explanation of PLA induced
hemolysis.

For instance, it is possible to envision the

spectrin network contracting in the presence of calcium to
such an extent that not only are phospholipid blebs
squeezed out but that opposing tensions within the membrane
could cause holes and rips in the membrane.

Also, it is

possible that phase transitions in the lipid bilayer could
cause hemolysis of the cell if they occurred over large
areas or in areas critical to the maintaining of membrane
stability.
Although this research has helped to clarify the
role of energy metabolism in PLA induced hemolysis, there
are many questions-that need to be answered.

First, a

better understanding of the relationship between phosphoglycerate kinase and monophosphoglycerate mutase is needed.
Furthermore, studies are needed of the interaction between
this two-enzyme complex and GAPDH and between the threeenzyme complex and the membrane and between the complex
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and a "compartmentalized pool" of ATP if there is one.
Additional research needs to be done on the hemolysis mech
anism itself to determine if it is osmotic as described by
Ponder (1948, p. 242) or if it is ionic such as the phase
separation hypothesis described above or if it- is mechan-.
ical such as the spectrin network contraction described
by Kirkpatrick (1976).
One possible method for examining these questions
may be to use resealed ghosts where the components neces
sary for this part of glycolytic metabolism have been
added back.

The test of the reconstruction of the hemoly

sis mechanism would be the return of the ability of PLA or
calcium to induce hemolysis of these ghosts.
On a more clinical level, the dependence of eryth
rocyte structure and stability on glycolytic metabolism
can be applied to such areas as erythrocyte aging or hemo
lytic anemias.

It was shown by Martin et al. (1975) that

older erythrocytes were more susceptible to PLA induced
hemolysis than younger ones.

The reason for this is not

clear but it is known that there are changes in the ATP
and cation levels as cells age (Cohn et al. 1976).

The

data presented here suggest that changing levels of such
enzymes as GAPDH, phosphoglycerate kinase, and monophosphoglycerate mutase as well as other glycolytic and membrane

transport proteins may be the cause of hemolytic differ
ences.

Defects in glycolytic metabolism have already been

shown to be present in erythrocytes of patients with some
types of hemolytic anemias (Jandl 1968, p. 209; Tanaka and
Valentine 1968, p. 229).

With the increased knowledge of

the relationship between glycolysis and hemolysis, more
metabolic defects in patients with hemolytic anemias will
probably be found.
In conclusion, this research has determined that
intracellular ATP levels are not directly involved in the
control of membrane structure as illustrated by the chang
ing susceptibility of PE to PLA hydrolysis or of membrane
stability as illustrated by erythrocyte resistance to PLA
induced hemolysis.

However, it was found that the control

of structure and stability was somehow dependent on gly
colytic metabolism, although neither 2,3 DPG, intracellular
pH, nor membrane phosphorylation played any direct role.
Experiments with inhibitors suggested that the link between
glycolysis and the membrane occurred between the GPDH and
enolase steps in the lower part of the glycolytic pathway.
Several possible mechanisms for the changing PE suscepti
bility to PLA hydrolysis and for the resistance to PLA
induced hemolysis were also discussed.

APPENDIX I
PHOSPHOLIPIDS
Derivatives of Glycerol Phosphate:
0

II

0

H9C - O - C - R
2I

II

R' - C - 0 - CH
P LX
A^

—

N

'

II

H20 - O - P - O - X
PLC

X = Choline

- CH2 - CH2 - N+(CH3>3

X = Ethanolamine
X = Serine

r A-

-'CH2 - CH2 - NH2

- CH2 - CH - NH2

COOH
Derivatives of Sphingosine:
Sphingomyelin

0

HO - CH - CH = CH - (CH2)12 - CH3

R - C - NH - CH

0

H2C - o - P - o - CH2 - CH2 - N+(CH3)3
t

I0

Sphingomye1inase

R, R1 = Fatty Acids
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LIST OF ABBREVIATIONS
ATP

Adenosine triphosphate

ATPase

Adenosine triphosphatase

BSA

Bovine serum ablumine

DiCgPC

Dihexanoylphosphatidylcholine

2,3 DPG

2,3 diphosphoglycerate

EDTA

Ethylenedinitrilotetraacetic acid

EGTA

Ethylene glycol bis (gamino ethyl ether)
tetraacetic acid

FMMP

Formylmethionylsulphone methyl phosphate

GAPDH

Glyceraldehyde-3-phosphate dhydrogenase

Glu

Glucose

HEPES

N-2 hydroxyethyl piperazine-N'-ethane sulfonic
acid

IAA

Iodoacetate

NAD

Nicotinamide adenine dinucleotide

PC

Phosphatidylcholine

PE

Phosphatidylethanolamine

PL

Phopsholipid

PLA

Phospholipase ^

PLC

Phospholipase C

PS

Phosphatidylserine

Pyr

Pyruvate
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Reconstitution medium
Sodium lauryl sulfate
2,4,6-trinitrobenzenesulfonic acid
Tris (hydroxymethyl) amino ethane
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